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ABSTRACT

The precipitation chemistry data base of the Multistate
Atmospheric Power Production Pollution (MAP3S) and the National
Atmospheric Deposition Program (NADP) were examined for temporal,
spatial, and directional variability of wet deposition of the dominant
ions in precipitation for selected sites in the northeastern United
States.

Sulfate (SO4=), Hydrogen (H+), and Ammonium (NH4+) ions exhibited
a distinct summer maxima in both concentration and deposition, while
Nitrate (N03-) remained relatively constant throughout the years 1977-
1979. Linear regression analysis applied to the three year cumulative
totals was found to provide a reasonable wet deposition prediction
capability.

The Air Resources Laboratories - Atmospheric Transport and
Dispersion (ARL-ATAD) trajectory model was used to examine directional
or sector variability and to characterize individual events as to air
mass origin, as determined by 48 hour back trajectories. Case studies
were examined to illustrate variability in the chemical quality of
precipitation from air masses passiﬁg over distinctly different regions
in the United States and Canada. The directional variability in wet
deposition of all ions was found to coincide with the distribution of
precipitation.

The data of the MAP3S and NADP networks for 1979 were also used to
develop spatial distributions of normalized and estimated wet deposi-
tion for the eastern United Startes. A rather uniform pattern in
normalized wet deposition for sulfate and nitrate emerges, lending

i




support to the concept that the deposition of these materials is not
confined to any particular region. An increased gradient in normalized
SOA= and N03- deposition was found in the area of the Appalachian

Mountains indicating topography may affect the distribution of low

level pollutants along the eastern United States.
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1.0 HISTORICAL REVIEW OF PRECIPITATION
CHEMISTRY MEASUREMENTS

In recent years precipitation chemistry, and acid precipitation
in particular, has attracted attention in the scientific community as
well as the general public. Acid precipitation is generally accepted
as an international phenomena, thus stimulating cooperation between
various countries and organizations.

The most accepted definition of acid precipitation is that which
has a pH below 5.6, or the lowest pH that could be produced by
carbonic acid if pure water were in equilibrium with atmospheric
carbon dioxide at 25°C (Barrett and Brodin, 1955). This equilibrium

is expressed by:

+ -
€0y (gas) * H20(14quia) 2 Hp®03 2 H + HCO,

However, generally and particularly in cases of "rain with high
acidity" a significant amount of H+ present is attributable to other
components including sulfuric and nitric acids (Cooper et al., 1976).
The European community was the first to recognize the need for
chemical analysis of the air and precipitation. John Evelyn in 1661
was one of the first researchers to address atmospheric pollution and
proposed solutions to the problem which included taller chimneys,
increased distance between source and receptor, consideration of
prevailing winds, and topographic obstacles. Miller (1905) credits
Marggraf with conducting the earliest precipitation chemistry measure-
ments of rain and snow in Berlin, 1761-1767, in which he measured

nitric acid, chlorine, and lime.




However, it wasn't until the middle of the 19th century that a
concerted effort was undertaken to establish monitoring networks and
seriously study air quality. Marchand (1852) recognized the need to
include both rain and snow to provide the complete annual description
of precipitation chemistry. Chatin (1852) noted an increased chlorine
content in the rain with maritime trajectories as origin and also
proposed dew and mist as deposition mechanisms.

Robert Angus Smith (1872) published an extraordinary work

entitled Air and Rain: The Beginnings of a Chemical Climatology in

which he first used the terminology "acid rain.'" This comprehensive
text examines precipitation chemistry at various global locations, air
quality at various locations and environs, and the effect of both air
and water pollution. The work of Smith is especially noteworthy not
only because it provides an early history of spatial variability in
precipitation chemistry, but it is also extremely comprehensive in
that the analysis includes sulphates, ammonia, nitric acid, free acid,
and chlorides as illustrated in Table 1.

One of the main thrusts of the work of Smith was to show the
variability of air and water quality, particularly between rural and
city environments as shown in Table 2.

Unfortunately, the work of Smith went essentially unnoticed
until recently when he received the credit he so rightly deserves.

Around 1850 a monitoring network was established at Rothamsted,
England, which provided a continuous source of precipitation chemistry
measurements for the next 50 years. Lawes et al. (1881, 1883) were

the first to present a detailed report of these collections by




TABLE 1

Manchester Rajn-Water Collected during 1869
Actds (Combined and Free) and Acidiey

Acldity
Caleulated as
lydrochloric Sulphuric Acid Sulpluaric Acld
—Acld __ _ (Anhydrous) .. {Anhydrous)
Proport ion-
Grains Parts Grains Parts Hydrochloric Gralns Pares
] per per per por to Sulphuric per per
bate _fiallon Million CGallon Hlll.!_(ln___._’__ Acld _ Callon _MillLion
Janwary (a) L5110 7.30 5. 6000 80 1 to 10.96 2.3087 12,9%
February " 6387 9.12 2.9400 42 1 " 4.60 1.6930 24,20
March " 7300 10.43 7.3500 105 1 " 10.07 1.3664 10,952
April " . 3006 4.29 3.6750 52.50 1 " 12.22 . 5465 7.81
May " . 3193 4.56 2,9400 42 1" 9.20 1.4347 20.49
June " .5677 8.11 3.2666 46.67 1 " 5.7 . 9565 13.606
July " 3971 5.62 3.2666 46.67 [ A PO ) | 4782 6.8}
August " . 3006 4.29 2,9400 42 1 " 9.78 .7857 11.22
" (b) . 1460 2.08 2.9400 42 1 " 20.14 None None
" (c) . 2044 2.92 1.7294 24.70 1 " 8.46 - -
September (a) . 3407 4.87 3.2667 46.67 1 " 9.59 4441 6.34
" (h) 2555 3.65 1.9600 28 1 " 7.67 None Nane
" (c) . 2044 2.92 9800 14 1" 4D 06871 .98
October (a) .4258 6.08 3.7800 54 1 " 8.88 1.127% 16.10
b (b) 3931 5.61 1.5474 22.110 1 " 3.9 « 1360 1.95
" (c) .5678 B.11 1.5476 22.11 1 " 2,72 . 1366 1.95
November (a) . 7862 11.23 2.9400 42 1 " 3.74 . 3074 4,30
" (b) . 7300 10.43 4.2000 60 1 " 57N 0842 49
" (c) ,.6012 8.60 1.4700 2] 1" 2,44 .1025 1.46
December  (a) . 1022 1.46 .9187 13.12 1 " BR.99 .1879 2.68
" (b) . 3194 4.56 2.9400 42 1 " 9.20 .3416 4.88
" () .2222 317 19600 28 1 " 8.82 .58 5.9
Mcan 4118 5.88 2.9163 41.66 1 to 7.08 98313 8.3}
Mean of (a) 4513 6.45 3.57%  51.05 P " 7.9 9697 11.85
Mean of (a) LN 5.59 2.7691 39.56 1 " 7.08 5705 B.15
from August
Mcan of (b) . 388 5.27 2.7175% 38.82 1 " 1. . 1025 1.46
Mean of (c) . 3600 5.16 1.5373 21.9% 1 " 4,27 . 1708 2,84

(n) Behind the laboratory, 12 ft. above the grownl
(b) Same place, W0 ft. above tin pround
(¢) Behind tine Literary and Philosophical Soclety, Georpge Strect, 2 ft. above tihne prownd

TABLE 1. Manchester rain-water collected during 1869. (Smith,1872)




Averages. Hydrochloric Acid (Chlorides)

Crains per Parts per

Rain Obtained from Gallon Million
Darmstadt .0681 .97
London, specimens for 1869 .0872 1.25
German specimens .0919 .31
Birkenhead, Liverpool 2217 3.17
Scotland - Inlend country places .2357 3.7
Near an Alkali Works .2380 3.40
England - Inland country places .2795 3.99
Manchester, 1870 4055 5.79
Manchester, average of 1869 and 1370 4086 5.8
Scotland - towns (Glasgow not included) 4102 5.86
Manchester, 1869 .4118 5.88
Newcastle-on-Tyne .5678 8.11
England -~ towns .6093 8.70
Glasgow .6282 8.97
St. Helen's .6670 9.53
Liverpool L7110 10.16
Scotland - Seacoast country places, west .8600 12.28
Scotland - Seacoast country places, average of east and west .8819 12.59
Scotland - Seacoast country places, east .9039 12.91
Runcorn 1.8022 25.74
laterloo, near Liverpool 2.5550 36.50
Ireland - Valentias 3.4067 48.67
England - Seacoast country place, west (only one) 3.9308 56.15

Averages. Sulphuric Acid (Sulphates)

Grains per Parts per

Rain Obtained from Gallon Million
Scotland - Inland country places <1444 2.06
Ireland ~ Valentis .1911 2.73
Scotland ~ Seacoast country places, west .2529 3.61
England ~ Inland country places . 3865 5.52
Scotland - Seacoast country, avg. of E and W . 3947 5.64
England - Seacoast (west) country 4116 5.88
Scotland -~ Seacoast country places, east .5366 7.66
Waterloo, Liverpool . 6004 11.43
German specimens 1.1481 16.40
Scotland ~ towns (Glasgow not included) 1.1553 16.50
London, 1869 1.4345 20.49
Birkenhead, near Liverpool 1.6210 23.16
Runcorn 1.6537 23.62
Darmstadt - Germany 2.0417 29.17
St. Helen's 2.3232 33.19
England - towns 2.3988 34.27
Liverpool 2.7714 39.59
Manchester, 1869 2.9163 41.66
Newcastle-on-Tyne j.am (1Y 1)
Manchester, average of 1869 and 1870 3.1378 44,82

TABLE 2. Average chloride and sulfate in precipitation.
(Smith, 1872)




studying daily and monthly concentrations of nitrogen, ammonia, and
sulfuric acid. Although they noted the direction of the wind at the
time of collection, correlations between daily concentrations and
direction were inconclusive. Sulfuric acid deposition was found to be
equally distributed between winter and summer while two-thirds of the
chlorine was deposited during the winter months. The average value
for SO3 averaged over two years was 2.4]1 ppm amounting to 18.5 lbs.
deposited per acre per year. . winter chlorine deposition maximum
was later verified by Kinch (1887, 1900) with the winter/summer ratio
being approximately 1.5 averaged over 26 years.

Miller (1905) contirn.:? the work at Rothamsted, as well as
compared nitrogen, chlorine, and sulfuric acid for various locations
and demonstrated iarge global variations in concentration and deposi-
tion as shown in Tables 3-5.

Crowther and Ruston (1911) showed that ''smoke-infested
localities" such as Garforth, England, exhibit considerably higher
average deposition values than do the relatively clear rural environ-
ments such as Rothamsted, with sulfur deposited being five times
higher. Coal combustion was proposed as the mechanism for the
increased level of impurities. Free acid was also examined producing
evidence that winter rainfall was twice as acidic as summer for that
locale due to the highly acidic fogs that linger in the winter
months. The increased level of free acid in the atmosphere was also
found to have a detrimental effect on plants by direct action and

indirectly reducing ammoniacal fermentation of the soil humus.
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Masson et al. (1917) found that the amount of rainfall in
Australia varied inversely with the concentration of oxidized
nitrogen while there was no correlation between the total amount of
nitrogen and total rainfall.

North American researchers also recognized the need to study
precipitation chemistry. Shult et al. (1917) found a maximum nitrogen
deposition in April and May in Ottawa, Canada, and surmised this was
beneficial since crops were normally fertilized at this time.

However, no consideration was given to the fact that the high levels of
nitrogen might be a result of the fertilization. MacIntire and

Young (1923) found no evidence that precipitation depleted the soil of
bases in Tennessee and also suggested it might even be beneficial.
Potter (1930) was one of the first researchers to present his results
in terms of pH when reporting his measurements of rain, potable water,
and water collected from plants in New England. His values ranged

from 5.0 to 7.6 with the lowest values being from potable water.

It became apparent that individual efforts would not be able to
provide the complete picture of precipitation chemistry from source to
receptor. Scandinavian researchers were the first to recognize the
potential environnental impact of acid precipitation, formulate a com-
prehensive monitoring network, and carefully analyze data. The first
organized Scandinavian network was established by Torstensson, Egner,
and Angstrom (Emanuelson, Eriksson, and Egner, 1954) and consisted of
28 stations located primarily in southeastern Sweden. This network

collected monthly samples during the period October 1, 1947 to

September 30, 1950. Eriksson (1952a, 1952 b) used this network to




develop a relationship between natural and anthropogenic sources of
gases and aerosols. Barrett and Brodin (1955) used the data of this
rural Scandinavian network to obtain spatial and temporal variations
of the acid-alkaline balance of precipitation. Southern Scandinavia
was found to be more acidic, particularly during winter months at the
time of maximum combustion of fossil fuels and southerly flow from
the European continent. This was one of the first proposals of long
range transport of pollutants across international boundaries and
thereby firmly established acid precipitation as a regional or
synoptic problem.

In 1954 the rural Scandinavian network was expanded to include
the British Isles as well as all of Scandinavia (Egner and Eriksson,
1955). This marked the first international cooperation on acid pre-
cipitation monitoring. This network was later expanded to include
stations in France, Germany, and the Soviet Union. This network
showed an increased concentration of both sulfate and nitrate. Based
on these data Granat (1972) developed a model based on a stoichio-
metric relation between acids and bases to interpret the amount of
acid found in precipitation and predict future depositions of acid by
precipitation. Munn and Radke (1971) used the data of two of the
Scandinavian stations to study the influence of synoptic weather pat-
terns on the chemical composition of monthly precipitation samples.
They found a definite correlation between chloride deposition and fre-
quency of rain-bearing flows in the SSW-NW sector and between sulfur
deposition and rain-bearing flows in the SE-SW-NW sector implicating

the heavily industrialized regions of England and northern Germany.
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Selezneva (1972) used a Russian network similar to that of the
Scandinavian system to estimate the background concentrations for
different geographical regions of the USSR. He estimated that the
background levels account for 30-407 of the total contamination and
local sources contribute the remaining 60-70%7 of which 20-307 are
natural sources and the remainder being of anthropogenic origin.

European results regenerated research interest in the United
States with Houghton measuring the pH of rain at Brookline, Maine,
in 1939 (Likens, 1975). He obtained a value of 5.9 for a single
rain-storm. In 1949 Landsberg (1954) measured precipitation pH and
obtained for individual raindrops a mean value of 4.2. 1In 1952-53
Landsberg measured a mean value of 4.0 for a large number of storms
near Boston, Massachusetts. Herman and Gorham (1957) analyzed preci-
pitation at Kentville, Noval Scotia during the period 1952-54 and
found an average value of a pH of 5.7 for all tvpes of precipitation
sampled.

Prior to 1955 all precipitation chemistry measurements, both
American and European, were ground-based well within the boundary
layer. Houghton (1955) was the first to recognize that the pl could
change between cloud water and that of the precipitation.collected at
the ground. He made fog and cloud water measurements at four north-
eastern U.S. sites within the boundarv laver and one above the boundary
layer located at Mount Washington, New Hampshire. His cloud water pH
measurements varied from 3.0 to 5.9 with a mean of 4.5, while his
mean value of 7.2 for the coastal regions of New England was consider-

ably more than that of Herman and Gorham (1957).




-
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The first comprehensive United States network consisting of 67

stations was organized by Junge and operated from July 1955 through
July 1956. Junge (1958) and Junge and Gustafson (1956) utilized this
network to compute the distribution of ammonia, nitrate, and chloride
over the United States during this period. Junge and Werby (1958)
later presented concentrations of sodium, potassium, calcium, and

sulfate and estimated the average global residence time of SO, to be

4
40 days. Although the Junge network presented data on the majority of
the constituents normally considered in precipitation chemistry

studies, it failed to record hydrogen and magnesium ions. Cogbill and
Likens (1974) attempted to fill this data void by using chemical mass
balancing techniques to calculate the pH of the northeastern United
States based on the data of the Junge network. Their work established
the presence of acid precipitation prior to 1955.

The establishment of the Hubbard Brook Experimental Faiest in New
Hampshire in 1963 provided an excellent opportunity to study the effect
of industrialized centers on the rural environment. Since Hubbard
Brook has operated for over 10 years, it provides the most comprehensive
record of precipitation chemistry in the United States. Al]l measure-
ments were of precipitating clouds with instruments based well within
the planetary boundary layer. Based on these measurements Likens et
al. (1976) found that sulfate and hydrogen dominated the Hubbard Brook

region, with S0 = being 2.5 times more prevalent than the next most

4
abundant anion and the hydrogen 5.9 times more common than the next
most abundant cation. He characterized the precipitatior at Hubbard

Brook as a contaminated solution of sulfuric and nitric acid with a pH

of about 4.1.
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The composition of rainfall from the work of Likens et al.
averaged over an 11 year period at the Hubbard Brook Experimental
Forest, New llampshire, is presented in Table 6.

The sum of the concentrations of the anions (97.5 peq/liter) is
nearly equal to the sum of the concentrations of cations (105.6 npeq/
liter). The standard deviations of the sums (+3.5 ueq/liter) are
small enough so that the difference between them is significant at the
one sigma level of confidence. It is therefore possible that other
unidentified anions with total concentrations on the order of 1.5-16.0
peq/liter might be present. Likens et al. was one of the first
investigators in the United States to maintain a carefully supervised
and quality controlled precipitation chemistry network dedicated to
determine the flow of material from the atmosphere into a calibrated
watershed. Likens et al. observed that there has been a slight upward
trend in concentration of hydrogen ions between 1964~1965 and 1970-
1971, followed by a downward trend until 1973-1974; overall (1964-
1974), however, no trend in concentration is statistically significant
(see Figure 1).

A different result was obtained by Dovland et al. (1976) from pH
measurements at three Norwegian stations, shown in Figure 2. The
decrease, especially in the beginning of the sixties, is quite evident.
However, as pointed out by Perhac (1980), British statisticians from
the Central Electricity Generating Board have examined the pH data in
Figure 2, and found no trend from 1955 to 1964 and none from 1965 to
1977. The cause of the sudden change of pH in 1964-1965 is not known.

Changes in method of sample collection (which did happen), the use of
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TABLE 6

Composition of Rainfall

(The units are microequivalents per liter of liquid precipitation)

Quantity
Species pyeq/liter
804 59.7
NO4 23.1
c1” 14.4
PO, 0.25
ut 73.9
+
NHa 12.1
catt 8.6
Na+ 5.4
Mg++ 3.7
+
K 1.9
w4t

ratlo———:———~—:-= 1.04

0,7 + Ny

catt + 't = 12,3
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different analytical techniques, or changes in natural or
anthropogenic emissions are factors to be considered. The average
concentration of major ions in the precipitation at two Norwegian
sites are presented in Table 7 (Johannessen and Horanger, 1976). It
is argued in the OECD (1977) report that a major part of the sulfur
compounds deposited in Norway may be traced back to fossil fuel com-
bustion in other European countries.

The knowledge of pH in precipitation is one important atmospheric
chemistry parameter, but certainly not the only one. More important
to know, however, is the total composition of the precipitation as was
pointed out earlier. Knowledge of ion composition allowed Cogbill and
Likens (1974) to calculate the pH for the 24 sites in the eastern
United States where Junge collected precipitation with wet-only col-
lectors in 1955-56. The resulting pH isolines are shown in Figure 3.

A large area of the northeastern United States was subjected to
acid precipitation by the mid-1950s.

The National Center for Atmospheric Research organized the
National Precipitation Sampling Network and collected data on a
monthly basis from 33 locations across the United States from 1960 to
1966 (Lodge et al., 1968) using wet-only, automatic collectors. The
pH values were not included in the final report, but Cogbill and
Likens (1974) again used chemical balancing techniques with the com-
bined data of Lodge et al. (1968), Gambell and Fisher (1966), and
Pearson and Fisher (1971) to calculate pH for the eastern United
States for 1965~66. The vast majority of monthly pH values for

stations west of the Mississippi River were consistently greater than
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TABLE 7

Averape Concentrations (ueq/liter) of Major Tons fn the Precipitation at
Birkenes in Aust-Apder County (June 1972 to .Junce 1977)
and Treungen in Telemark County (September 1973 to Junce 1975)

Birkenes# Treangen
nt 65 52
Ca 15 7
Mg 17 6
Na 79 26
K 7 2
NH, 41 26
so, 88 59
cl 61 22
NO, 4 27

"(:nlc-ulau-d from the Mg concentration using the Na/Mg ratio in scawater

W+ NHT

4
. 0.8 0.9
S0F ¥ 0 ;

et 32 13

*irkenes Is Jocated close to Lhe coast,
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5.6. 1In contrast, monthly values east of the Mississippi River were
much more acidic as shown in Figure 3. A comparison of the 1955-56
and 1965-66 isopleths prepared by Cogbill and Likens (1974) shows a
marked increase in acidity over the entire eastern half of the

United States from 1955 to 1966, with New England being the most
acidic region. This alleged spreading of the area affected by acid
precipitation was recently questioned by Perhac (1980) on the basis
one should use data for trend analysis only from stations which are
the same for the different time period. In comparing the 1955-56 and
1965-66 maps (Figure 3), he noted that only 10 stations are common
despite the fact that the maps report data from a large number of
sites. For those 10 common sites, the acidity increased at four (pH
went down), decreased at two and remained unchanged at four. The
difference in the precipitation chemistry for a rural, east central
Illinois site between 1954 and 1977 was investigated by Stensland
(1977) to ascertain whether or not the precipitation became more
acidic and, if so, why. The two data sets were collected from
October 26, 1953, to August 12, 1954, and from May 15, 1977 to
February 6, 1978. For the 1977 study, an automatic wet/dry collector
of the HASL design was used on a 24-hour event basis. The 1977
measured median pH was 4.1, as compared with the calculated median pH
of 5.9 for the 1954 data. The more basic precipitation in 1954 could
have resulted from low levels of acidic ions (e.g., sulfate and
nitrate) or from high levels of basic ions (e.g., calcium and

magnesium). The comparison yields:
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1954 1977
s0,” 60 70 ueq/liter
No3' 20 30 ueq/liter
catt + Mg++ 82 10 peq/liter

With these data there can be little question that the samples in 1954

were much more basic than the 1977 samples. Although both SO4 and

NO.” were apparently lower in the 1954 samples, it was the high levels

3
of soil related species, Ca++ plus Mg++ (the 'hardness'"), which pro-
duced the high pH in 1954. If the Ca++ plus Mg++ levels in 1954 had
been 10 microequivalent per liter as they were in 1977 at the same
site, the calculated pH would have been 4.18, i.e., almost identical
to the current 1977 measured pH of 4.1.

The possibility exists, as demonstrated by Stensland (1977) that
more calcium and magnesium were present in the atmospheric aerosols in
1954 than in 1977 or that the atmospheric particle loading was higher
then. To what extent this "local" conclusion can be extended to the
northeastern part of the United States is unknown, so are the meteoro-
logical factors that might have contributed to the possible higher
atmospheric dust loadings.

Interest in acid rain as an atmospheric chemistry, environmental
and ecological issue has dramatically increased in the 1970s, with
contributions from individual investigators and from research consortia
operating mesoscale precipitation chemistry networks.

In an effort to determine background pH values, Cooper (1976)

found the normal rainfall pH over Texas to be 6.5 to 6.6, with extreme

variations ranging from 5.8 to 7.3. He also found that the pH
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decreased as the alkaline CaCOa-bearing particulates were removed.
Tabatabai and Laflen (1976) found an average pH of 6.2 in lowa with
high sulfate concentrations. Hoeft et al. (1976) found a similar
sulfate dominated rain with the same general values of pH for
Wisconsin. Feth et al. (1964) was one of the first American
researchers to study the pH of snow, reporting a median of approxi-
mately 6.0 for stations in California, Utah, Colorado, Oregon, and
Arizona.

Even today there is no high density, synoptic coverage of
precipitation chemistry in North America, and the lack of historical
data on precipitation composition limits the ability to determine
anthropogenic effects on the chemical composition of the atmosphere.
Currently, programs in Canada and the United States have begun to
measure the composition of atmospheric deposition on a long-term
basis. These include the Canadian Network for Sampling Precipitation
(CANSAP-~-initiated in 1976), and the United States National
Atmospheric Deposition Program (NADP began to collect weekly samples
in July 1978), and the United States Multistate Atmospheric Power
Production Pollution Study (MAP3S began to collect precipitation on a
24-hour event basis in October 1976).

The quality and quantity of data available today are highly
variable. Nevertheless, the general patterns of spatial distribution
of acid precipitation--as a consequence of anthropogenic and/or natural
changes--are reasonably consistent and clear, providing mounting
evidence on changes in the ionic composition of precipitation over the

past 30 years.
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A unique '"quality control" comparison was performed by Pack
(1980) comparing the results of two overlapping precipitation collec-
tion networks: the eight-site MAP3S and the nine-site Electric Power
Research Institute networks. Both networks collected precipitation
for individual storms (24-hour "events"). There are differences
between the two networks including collectors, operators and analyti-
cal laboratory procedures (Battelle Pacific Northwest for MAP3S and
Rockwell International for the EPRI data). The comparison period
extended from August 1978 through June 1979. Table 8 shows the
results for five lons and for two different H+ determinations.

The two networks produce almost identical averages for 8043. NO.~

3
and NH +. The largest differences for NRH + is only 7% when the

4 4
coastal sites are included but only 17 for the set of noncoastal
locations. In view of the many variables that might have created
differences, agreement to within 107 supports data comparability.
However, the C1  and Na+ concentrations show significant differences
that are likely due to an as yet unidentified system difference. The
behavior of the pH data, expressed as H+fie1d and H+1ab in Table 8 is
intriguing. There are differences between the field pH (measured
immediately after collection) and lahoratory pH (measured days or weeks
later as part of the full chemical analysis) in both networks.
Kadlecek and Mohnen (1975) first called attention to this now well-
established phenomena. Since Pack's (1980) analysis indicated that the
two networks produced comparable data for soés, NO -, NH4+ and “+lab’

the individual 11 month average values can be combined to produce the

isopleths in Figure 4 and Figure 5 for 804= and N03-, respectively.
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® EPRI network
& MAPIS aetwork

Figure 4. Average sol.z‘ concentrations (in micromoles per liter) for the
period August 1978 through June 1979. Average concentrations
for individual sites are plotted adjacent to the site locations.
(from Pack, 1980)

o EPRI netwerh
o MAPSS astwerh
Figure 5.

Average N03' concentrations (in micromoles per liter) for the
period August 1978 through June 1979. (from Pack, 1980)
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4 concentrations

at the southern edge of the data lower by 30 to 50 percent than the

There is a definite north-south gradient with the SO

maximum concentrations. An even more marked gradient is discernible
for N03-. These data show that selected precipitation chemistry data,
carefully collected and rigidly quality controlled can be obtained and
intermixed. However, an attempt to incorporate Canadian precipitation
chemistry data for the same period of record and the same averaging
technique indicated that those data did not compare to either the EPRI
or the MAP3S values (Pack, 1980).

These findings also indicate that one cannot compare, without
severe limitations, the results of all precipitation analysis includ-
ing pH obtained by a variety of investigators over a large temporal
range and for an almost globally extending area.

With the exception of Houghton (1955), all the studies discussed
thus far were made of precipitating clouds with ground based
instruments. Oddie (1962) was the first to collect precipitation
from an aircraft in a deliberate attempt to prevent below-cloud
contamination and/or transformation. He therefore provided the first
estimate of the background pH as it exists in clouds as well as the
distribution of pH with height. His measurements were made over
southern England at varying heights up to 8,500 ft. The pH ranged
from 4.4 to 7.2, with a mean of 5.84. One of the most interesting
results of the study by Oddie was that the pH for 11 samples taken
below 5,000 ft. was 5.4, while the mean pH for 12 samples taken above
this height was 6.2, indicating a marked decrease in acidity with

height.
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An extensive analysis of cloud water pH was performed by
Falconer and Falconer (1979). Their results are tabulated in Table
9 and shown in Figure 6. The mean pH for August/September 1977 and
1979 for nonprecipitating clouds was 3.55 and 3.50, respectively, i.e.,
considerably lower than the pH value for precipitating clouds of 3.96
and 4.01, respectively. The field of cloud chemistry is just emerging
in response to the need for a complete atmospheric assessment of all
factors affecting acid precipitation.

Several important factors have been discussed in this overview
that need to be kept in mind when assessing pH or composition of pre-
cipitation. These include knowledge of the exact location where
sample was taken and the mode of collection. Figure 7 illustrates
the various possibilities. In the past, most precipitation samples
were collected over a weekly or monthly period at ground level, i.e.,
within the planetary boundary layer. Hence, rainout, washout, rain
splash and dust settling into the collector influenced the local
precipitation quality. The current trend is definitely towards event
sanpling on a stora-by-storm basis with additional support measure-
ments from above the boundary layer and from within clouds. It is
recognized that collecting precipitation on an event basis is essential
if the source of the acid precursor material 1is to be identified
through trajectory analysis. In addition to source-receptor studies,
efforts to determine the dosage statistics for ecological studies
require short sampling periods--even shorter than the now accepted

24-hour periods (Peden and Skowron, 1978).
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The pH by itself is insufficient to characterize precipitation
quality. It is very informative to divide the ionic constituents of
precipitation into their categories or components:

. Soil derived minerals Ca++, Mg++, Fe T+, silicate ions, etc.

. Sea salt Na+, c1 , SOA= plus small amounts of K+, Mg++ and Ca++

. Atmospheric conversion products from sulfur and nitrogen bearing
+ and C1 (from

molecules, i.e., SO, , NO. , in addition to NH

3 4
hydrochloric acid) and, obviously, H+
Continued and expanded monitoring of precipitation quality is

required to evaluate trends and ultimately to provide a high

quality, defensible data base for assessment of effects.




2.0 MAP3S PRECIPITATION CHEMISTRY - 1977-1979

2.1 Sampling Network

The' dominant source of data is the Multistate Atmospheric Power
Production Pollution Study (MAP3S). In this ongoing study, precipi-
tation chemistry data are obtained on an event basis beginning in
1976 for the original MAP3S collection sites of:

e Whiteface Mountain/New York (WFM)
e Ithaca/New York (ITH)
e Pennsylvania State University (PEN)
e University of Virginia (VIR)
In 1977-1978 four more stations were added to the network located at:
e Champaign-Urbana/Illinois (ILL)
e Lewis/Delaware (coastal Site) (LEW)

& Brookhaven, Long Island/ New
York (coastal site) (BRO)

e Oxford/Ohio (OXF)
The locations of all MAP3S stations are shown in Figure 8.

The basic precipitation collector used by the MAP3S network
during 1977-1979 was a wet deposition-only type designed by Battelle
Pacific Northwest Laboratory as shown in Figure 9. This collector
allows a relatively large exposed collection area while minimizing
splashing and turbulence. An enclosed chamber enables samples to
remain refrigerated until their removal for shipment.

Field site operators measure pH, conductivity and sample volume
before shipment to Battelle Pacific Northwest Laboratory for complete
analysis. Figure 10 describes the chemical species and analysis

methods used for identification of various ion species. Field
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WHITEFACE®
ITAACA®
PENN STATE® BROOKHAVEN
ILLINOIS @ LEWES DE
T 0xFORD OH J2__viRGINiA®

Figure 8. The MAP3S precipitation chemistry network

site array. (MacCracken, 1979)
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Minimum Limit
[Species Method® Instrument micromoles/l
H* (free) Electrode | Orion 80)A, Combinae- -
tion Flectrode
Conductivity | Bridge Beckman RC-16C -
B Bridge, Yellow-
Springs 3403 Cell

sSO% AWC Technicon Auto 0.1
Analyzer

803 IC Dionex System 10 0.2
(Anion)

NO3 AWC Technicon Auto 0.05
Analvzer

NO3y IC Dionex System 10 0.2
(Anion)

crr 1C Dionex System 10 2.0
(Anion)

POy~ ic Dionex System 10 0.2
(Anion)

NRj IC Dionex System 10 0.6
(Cation)

Na* (o Dionex System 10 0.4
(Cation)

K* IC Dionex System 10 0.28
(Cation)

Ca** AA Perkin-Eimer 306 0.25

Mg** AA Perkin-Elmer 306 0.4

.'AWC = Automated Wet Chemistry; IC = lon Chromatographv; AA

Atomic Absorption Spectrophotometry.

Figure 10.

(MacCracken, 1979)

Chemical species and analysis methods.
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determinations of pH and hydrogen ion concentration are annotated as
F[H+] while L [H+] delineates laboratory measurements.

2.2 Average Event Concentration and Deposition

It is desirable first to obtain an overview of precipitation
chemistry in terms of average concentration and deposition at various
sites before conducting detailed case studies. Since concentration
is greatly influenced by the amount of event sample volume, a
weighted scheme was used to calculate precipitation weighted means for
ions at the four original sites for 1977-1979. The weighted concentra-

tion values, E} were expressed according to the formula

N
.Z Pi C1
= _ i=1
C = T ,
I P
i=1 i
where Pi = event sample volume
Ci = event ion concentration
N = number of observations.

Table 10 shows the precipitation weighted concentrations, as

well as the overall mean for SO =, NO., , H+ and NH4+ for each year of

4 3
the three year period of study. Ithaca and Penn State display a
generally higher concentration of pollutant-related ions in precipita-
tion followed by Virginia and Whiteface Mountain. The cation-to-
anion ratio near unity indicates an approximate balance of the four

ionic species that seem to dominate the precipitation chemistry in

the northeastern United States.
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The number of total events as well as "significant" events is
also included in Table 10. The concentrations and percent contribu-
tion to the total amount of wet deposition of the "significant"
events is of particular interest and will be addressed later. A
"significant" event was defined as one whose values were greater than
the mean plus one standard deviation. Frequency plots of both
concentration and deposition were found to be strongly log-normal in
their distribution.

Wet deposition is a function of concentration and precipitation
amount. Event deposition measurements can therefore encompass a wide
range of values. These event deposition values are needed to assess
long-term considerations of pollutant deposition. Table 11 depicts
the arithmetic wet deposition mean for SOA=’ N03“, H+ and NH4+ during
1977-1979 for the four original MAP3S sites. Significant events,
three-year means, and cation-to-anion ratios are also presented. A
pattern similar to that of concentration emerges whereby Ithaca and
Penn State have the highest average deposition followed by Virginia
and Whiteface Mountain.

2.3 Event and Monthly Deposition

Ionic concentration and wet deposition for some constituents is
known to be seasonal in nature. In order to visualize these varia-
tions from the average values of Table 11, event and monthly deposition
for Whiteface Mountain for 1977-1979 is plotted in Figures 11-13.

Precipitation and NO - deposition demonstrates no identifiable

3
sinusoidal or periodic oscillation between the scasons or years.

+

++ ++
4 and the soil components Ca + Mg have a

However, H+, SOQ=, NH




38

*13QUBAON 97 pu® J2q030 (] UIINIIQ PISSTE SIUIAP 10] PIIDILI0D SEA /6T STUTBIIA ;

*UOTINFAIP PIEPUEIS BUOC SNTd UMW 3YI UBYI 121821T ST YINTEA ISOUR JUC S¥ PIUTJIP ST IUIA2 BT FuSYs V |
R $6°0 [SLTT 0S01 68Y901 - T®I0L 9068C 6161
. -mn @.; 16°0 __.mmam._ < ¢{ TOET EZ1T < of 2921 1981 8L61
£] 66°0 t] 901 usam 34 t] geo1 z9L87 LL61  VINISNIA
. 10°1 9921 f L 476$%1 - I®301 €E68S 6L61
i BRI L c{ sz AL ¢ 8ot 1292y 8L6l
£€8°0 1221 | 0101 26€9Y 4161 31V1S KK3Id
. 6°0 9821 [ 9811 L790Z1 - 1%301 GLZLY 6L61
wros Yis ¢f 211 vtk ¢4 1801 wvon -2k ¢ | 9021 ZIYE L6t
960 S191 L L9ST 0S89¢ L6t VOVAHL]
. 90°1 L 144 [ Y0€1 IS26ET - 19301 9ITTS 6161
S0°1 . stot 0401
uvam 24 ¢4 8071 uson 14 ¢ L96 ueou -4 ¢ { €701 vEYE  8L6T
80°1 6L | 7$8 2492S LL6Y win
(suoyue/suotied) ﬂ-_\do; ) i Ns\uoa ] e’
Vo s o+ (D - v Con + "05) = Juntop atdmes Twaoy
14974 ui 1€ 18/$ 2001  00°1 €S/L 61¢ 0z £S/S 1€L [14 26461
/6 161 [ 51 0s/01 eTIT T1°1 oS/L 08t 424 S/ 11 188 tA4 8L61
SY/T 91 0°¢ se/y 106 16°0 8%/$ 10¢ 61 89/¢ LSt 9t L6l VINIONIA
¢/t 89T L 9L/11 8101 20°1 /s 194 97 Le/e 298 1% 6161
0L/s (19 8T 86/L 0iL6 L6°0 1L/é 99¢ [ 44 w/ot :] €3 119 8L61
2t/9 691 1€ 16/6 ZS0T  SO°1 €8/11 et ¢ €8/€1 LL9 Tt LL6T =1¥iS NXN3Id
09/¢ 877 1 65/t 8S0T 90°'1 09/8 96t [24 19/9 ote oy 6161
Ls/8 861 9°€ 96/8 088 88°0 09/t 9t €© 6s/8 (1,%] oY 8L6l
/9 f4 24 FAl ] 0t/s €8ET  8C°1 29/ 06% ot 2"%/9 LS01 1< LL6l YOVH1I
/9 [3%4 [ 4 <9/9 L9001 SO°1 Sv/L (114 ] 92 sv/Y 788 tA4 6461
€S9 [ A t4 8¢ "s/S £9L 9L°0 sS/t 0zt [174 <S/y €L 119 861
£i/6 ST 8z e * 079 9°0 €8/t 162 81 8/eT €9¢ 124 LL61 KM
SIUsAg T¥30L  ,m/ban /% $3Uaag (#30] W ban ujdu s3UsAg 830  ,m/ban Y o Fiusag Tea0L  ,u/ber _e/u
/8udAg /83uaa3 /3usaAz /s3uan3
u:uu«:_..um" ucnou:uu._m_ u...-o:«_-«w_ uccu«::u«m_
[ fu- € [}
L L1 N .08

T.w/iualeapnbeocadru prie [ .u/Bu’ royyjsodag uedy

11T 378VL

Oy




a) 39

WHITEFACE PRECIPITATION 1077-1079

PRECIPITATION Crd.)
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Figure 11. a) Precipitation events and monthly totals, and
b) Event and monthly nitrate deposition for Whiteface,

1977-1979.
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Figure 12. a) Free hydrogen lon event and monthly deposition, and
b) Sulfate event and monthly deposition for Whiteface,
1977-1979.
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a) Ammonium event and monthly deposition, and b) Soil
component (Ca*t + Mg*t) monthly deposition for
Whiteface, 1977-1979.
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definite summer maximum and winter minimum. The enhanced overall

transformation of 502 to SOQ=, due to the increase in solar radiation

4

being the dominant ion in summer precipitation in the northeastern

and other yet to be determined factors, is a likely reason for SO

United States, and therefore becomes the forcing function in the free
hydrogen ion concentration and deposition. Values of the soil com-
++ ++ .
. ponents [Ca + Mg ] are not plotted for the first part of 1977,
since these ions were not part of the routine analysis prior to
August 1977.

2,4 Total Wet Deposition

In order to gain insight into the climatology of ion deposition,
total wet &eposition of the dominant ions was examined for various
stations for one-and three-year periods. The stations chosen were
again Whiteface Mountain, Ithaca, Penn State, and Virginia. Table 12
presents the yearly totals for deposition of the dominant ions
expressed in mg/m?2 and microequivalents/m?, along with the anion/
cation ratio for 1977-79.

This table illustrates the variability in wet deposition on both
the temporal and spatial scale. Spatial variability is difficult to
interpret since the degree of coherency between stations is not
usually proven. Pack (1980) showed independent stations could be used

» to develop regional patterns if one-year averages are used. In this
context, spatial variability is best discussed for long-term averages

or totals of one to three years similar to those of Table 12.
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The totals given in Table 12 are the total wet deposition values
for the various ions as measured by the MAP3S sites. The amount of
sample volume reported will be influenced by the efficiency of the
precipitation collector, the care in sample handling, and the per-
centage of events actually sampled. These considerations become
important when attempting to conduct inter-site or regional total
deposition comparisons. When compared with the published precipita-
tion measurements of the National Climatic Center (NCC) and with
comparable measurements at the Atmospheric Sciences Research Center's
Whiteface Mountain station, the calculated precipitation amounts from
the MAP3S network are somewhat low. The ratio of these two different
precipitation estimates (MAP3S versus NCC and Whiteface Mountain) has
been determined for Whiteface Mountain, Penn State, Ithaca, and
Virginia to be of the order of 0.96, 0.93, 0.85 and 0.61,
respectively. Therefore, reported MAP3S measurements of total wet
deposition are approximately underestimated by 4%, 7%, 15% and 39%Z,

respectively, for the above four stations.

2.5 Cumulative Deposition

Because of inherent time and space averaging in accumulated wet
deposition, this parameter acquires regional significance. Data of
the MAP3S network offers a unique chance to examine the cumulative de-
position of major ions in precipitation over a three-year period and to
develop statistical relationships bhetween wet deposition and various
meteorological parameters. The four original I{nland MAP3S stations

are considered to be representative of the northeastern region.
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To describe the total measured wet deposition at each site, the
cumulative ion depositions for SO4=, N03', H+, and NH4+ were plotted
as a function of cumulative precipitation measured at each site. These
plots are shown in Figures 14 and 15. For clarity, only every other
event represented by a symbol was plotted. This diagram offers the
advantage of relating the total amount of pollution related ion deposi-
tion to a given amount of total precipitation integrated over relatively
long time periods. Any change in accumulation such as during the peri-
odic oscillations of 804=, and to a lesser extent H+ and NH4+, are thus
clearly discernible. A cumulative plot of s04° wet deposition as a
function of time rather than precipitation shows this accumulation to
be due to the well-known summer sulfate concentration maximum and not
to enhanced precipitation. The strong anion NO3_ cumulative wet depo-
sition pattern in Figure 14b suggests a rather uniform concentration
and subsequent deposition of N03_ throughout the three-year period.

Linear regression techniques were applied to the cumulative data
and the resulting parameters are shown in Table 13. (The model
chosen required the regression line to pass through the origin.) Even
though event and seasonal fluctuations in ionic concentration are not
directly considered in these equations, this method still offers a
viable means to estimate total wet deposition of various ions if the
time period during which precipitation events are included is
sufficiently long. Obviously, deposition estimates for time scales of
the order of days or weeks may not produce results compatible with

those based on the above procedures.
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Wet Deposition Regression Equations

TABLE 13

D = gpP

where D = cumulative wet deposition (mg/w?)

P = cumulative precipitation (cm)

8 = regression slope

Standard Error
of Estimate for

Non-Cumulative

Station Ion 8 8 Variance (¢2)
Whiteface Mountain  S0,°  22.40 1.06 841.77
uos‘ 14.24 0.58 252.24
wt 0.50 0.02 0.38
w,* 2.29 0.14 14.20
Penn State so,”  28.63 1.17 1093.42
uoa‘ 18.47 0.66 352.32
ut 0.69 0.03 0.52
w,* 2.47 0.15 17.95
Ithaca so,~  30.80 1.52 1394.67
nos' 18.41 0.71 304.10
a 0.75 0.03 0.62
v, 2.67 0.19 20.29
Virginia so,”  28.18 1.37 1210.16
nos‘ 15.48 0.72 330.63
w* 0.66 0.03 0.56
mt 2.2 0.14 11.79
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Normal procedures for calculation of the standard errors of
estimate were found to be inadequate due to autocorrelation of the
resultant residuals. A model utilizing non-cumulative data was
lized to account for the inherent problems of correlation. If
Yi = BX1 +E;
is the deposition equation for the non-cumulative data where Yi =
event deposition (mg/mz) and Xi = event precipitation (cm), then the
estimated variance of the non-cumulative data can be written as
N

N (Z xi Yi)2
A2 1 {E Y2 i=1 }

where N = number of observations. The slope, B, can be expressed as

The cumulative model may therefore be written as

Zj = BUj + cj
where
N N N
Zj = 151 Yi’ u = 151 Xi, and Cj = 151 Ei'

The standard error of estimate for the cumulative data can then be

expressed as

~2 2\

g- U

R N
N2
r X

i=1 1
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This procedure applied to Whiteface Mountain, which had a total of

273 cm of precipitation at the end of the three-year period, yielded

total depositions in mg/m? of (6115 + 324), (3887 + 178), (136 + 7),

4

Time series analysis would be needed to account completely for

and (625 + 41) for SO, , NO3', H+, and NH4+, respectively.

the periodic oscillations in cumulative deposition relating to
summertime maximum in concentration. However, such a treatment would
require a data base of the order of 5-10 vears,which is unavailable
today. Therefore, a simple linear model was developed here to describe
the three-year MAP3S data.

The slope of the accumulated ion deposition, or B parameter, can
be used to characterize regional deposition patterns since normaliza-
tion to unit amounts of precipitation allows for inter-site
comparisons. This concept will be extensively discussed in a later
chapter.

2.6 Ion Balances

To insure that an ionic balance was maintained between the major

ions 8042, NO. , H+ and NH4+ throughout the three-year period, ions
or pairs of ions were analyzed for correlation or degree of
association.

Figure 16 shows the balance between the four dominant ions, SOA=’
NO3', H+, and NH4+. The linear correlation coefficient of 0.95 for
Whiteface Mountain indicates that a significant portion of the sulfate
and nitrate could exist in the form of sulfuric and nitric acid and the

appropriate ammonium salts.
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Whiteface, 1977-1979.
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The linear correlation can further be improved by removing the

soil components, indicated by Ca and Mg++, from the cation summation

as shown in Figure 17. The correlation of 0.98 suggests an extremely
good ion balance exists whenever boundary layer influences such as
soil components can be reduced.

This procedure can also be used to determine the degree of
dependency of the pH, or H+, upon the other three major constituents.

Figures 18 through 20 show this degree of association between H+ and

4 4

cipitation is determined primarily by SOA , to a lesser extent NO3-,

- +
so, , NO3 , and NH, , respectivelv. The concentration of H+ in pre-

and finally NH4+. This conclusion applies to all types of precipita-
tion for all three analyses.

Comparisons of precipitation volume and ion concentration for
singular events indicate the existence of an inverse relationship
between the two parameters. Figures 21 through 24 illustrate this
inverse association, or diluting effect, of large amounts of precipi-
tation upon ionic concentration. Since NO, normally exists in the

3

form of vapor while 504= is considered to be an aerosol, the removal

rates by precipitation should be somewhat different. One could infer
from Figure 22 a more rapid removal of vaporous NO3— than of the

aerosol 8043 shown in Figure 21. 1t appears that most of the available

* N03_ is already removed by small precipitation volumes with relatively

small contributions from additional precipitation.

The distribution of SOA= with sample volume indicates a much more

gradual removal for all forms of precipitation with a more effective

removal of SOI‘s by snow and mixed precipitation.
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CNO3) CMICROMOLE/LITERD

55

WHITEFACE 1077-1070

Figure 19.

100 188
LEMI CMICROMOLE/LITERD

Hydrogen vs. Nitrate for Whiteface, 1977~-1979.




CNH4Y CMICROMOLE/LITERD

7@

Figure 20.

56

WHITEFACE 1077~-1070

v LB L e

e 100 180 200
LECMI CMICROMOLE/LITERD

Hydrogen vs. Ammonium for Whiteface, 1977-1979.




PRECIPITATION VOLUME CML>

57

WHITEFACE 1877-10780
480*
*
»=8NOW
*
sEe *-MIXED
L
SNDHMJ
o
zseq
-3
L - - -
200# - T
-3
L 4 o -> -
169 * -
- - -
 aad + 3
iooq . "
o< - [ 4 -+
-> > -*
* % ="" v.-r.r h
saa{ § o 7S
f‘\.} ™ " g - -
-+ -+
* [ " -
T L T T 1
20 49 o e 109
CSO4] CMICROMOLE/LITERD
Figure 21. Precipitation Volume vs. Sulfate Concentration for

Whiteface, 1977-1979.




PRECIPITATION VOLUME <ML)>

58

WHITEFACE 1877-18780

4607
*
4031
-
3saq +—RAIN
* 0 =8NOW
®—-MIXED
seag
L )
ase#
o
* K ++
-
2009
*
-
L 2
1504*,,‘6"“
- "
-
"ﬁ"iw" -
see- 3 = -
T e " "
L 4 qh!' -4 - % -
- - - * r o
L L] v B
(3 100 1862 200

CNO3) CMICROMOLE/LITERD

Figure 22, Precipitation Volume vs. Nitrate Concentration for
Whiteface, 1977-1979.




PRECIPITATION VOLUME <ML)D>

59
Gaﬂ WHITEFACE 1©877—-180798
-
L J
4209
- +—RAIN
*-MIXED
seaﬂ
[ _J
250q
g
* T - -*
2eg - ¥
e
-
ol -+
iseg * w3 "
” 3 +
. .- "~ ®
‘°°q .;;ﬂ o T -
- -
- - * o
*nq“." » * v, 3... E - w*
J > - v or > o»
” - -ye ” | -
- 01!' vr:#’ ot v -
-
. . ‘. ’”*n*-'.’.. - - -~ -
T T T 1
[ -] 199 162 200

LEHMI CMICROMOLE/LITERD

Figure 23. Precipitation Volume vs. Free Hydrogen lon

Concentration for Whiteface, 1977-1979.




PRECIPITATION VOLUME <MLD>

WHITEFACE 18771970

- +>=RAIN

*-MIXED

v v L] ) ) v v |

16 280 980 48 S8 68 78 68 OO

CNMaEd CMICROMOLE/LITERD

60

Figure 24. Precipitation Volume vs. Ammonium Concentration for

Whiteface, 1977-1979.
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2.7 Significant Event Analysis

It is conceivable that massive amounts of pollutants delivered
in precipitation over a relatively short period of time could be more
detrimental than large cumulative totals over one or more months. This
study will not try to resolve this question, but rather examine case
studies which have the potential for significant deposition.

As previously defined, a significant event or deposition episode
is one whose value exceeds the annual mean by one standard deviation.
Frequency plots were generated for concentration and deposition to
determine mean values as well as significant events. Regional averages
(represented by the sum of all significant events for all four stations
over a three-year period) were determined for the percentage of signifi-

cant deposition events with the following results:

= - +
[so, 1 [N0o,"] (W]

% of significant events for region 12% 12% 13%

It follows that over the entire region, about 127 of the precipitation
events deposit sulfate, nitrate,and hydrogen ions in excess of one
standard deviation beyond the mean.

Table 14 summarizes these deposition results with the ratio of the
significant event to the annual total, the percentage of the total, and
the date of collection for the four basic MAP3S stations. Over the
three-year period 1977-1979, there were an average of 62 collection
events per year for the four stations. No particular pattern emerges
as far as their geographic distributions are concerned, i.e., all

stations can experience equally high values at some time over the
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three year period. Most of the time, deposition episodes for sulfur
and hydrogen ions occur simultaneously. The overall summary, i.e.,
the regional average for all stations and for the three year period
1977~79, shows that the maximum event concentration for such a
deposition episode is between 8-10% of the annual total deposition

(from Table 14):

(504_) max. (NO3-) max. ") max.

(SOA=) annual (N03_) total (") total
All station
average per year
(mg/m2) 219/2262 109/1366 4.42/50.3
Percent of annual 9.6% 8.0% 8.8%
It should be noted that an event may extend over several days in some
cases and the date of occurrence is actually the date of MAP3S
collection.

It is particularly interesting that the maximum event deposition
dates for the various ions are not necessarily the same for each
station. That is, mechanisms other than the dominant influence of
precipitation volume appears to be at work during some events leading
to deposition episodes. vElevated concentration levels would be the
logical source for these maximized events. Also many of the events
did not occur in the summer months when atmospheric loading with
photochemically-induced secondary pollutants is usually highest.

As an extension of these data, Table 15 provides a more detailed

look at the variables for these events, including precipitation time.

It is immediately obvious that the large values of sample volume is
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one of the dominant factors influencing "deposition episodes" since
all but two events had sample volumes of over 1000 ml. It also
suggests that there must be an optimum combination of the concentra-
tion values for various ions as well as amount of precipitation
delivered. Large values in precipitation, such as occurred during
Hurricanes David and Frederic, with below average or very low ion
concentrations, do not constitute a deposition episode. Hurricanes
David and Frederic will be extensively discussed in Chapter 3.

It can be concluded that deposition episodes do indeed occur at
all stations with large amounts of pollutants delivered in a
relatively short time span. No particular pattern emerges as far as
their geographic distributions are concerned. Finally, there appears
to be no preferred season for the occurrence of these episodes, since
they rely on the optimum combination of concentration and precipitation

amounts.
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3.0 TRAJECTORY ANALYSIS OF MAP3S DATA

3.1 The Air Resources Laboratories' Atmospheric Transport and
Dispersion Model

While total deposition for the various ions provides valuable
information as to the total input, it is equally necessary to have
available a sufficiently documented aerometric data base and supporting
meteorological information to determine the trajectories of air masses
responsible for the precipitation chemistry at a particular site. To
this extent, the Air Resources Laboratories' Atmospheric Transport and
Dispersion Model (ARL-ATAD), Heffter (1980), was used to develop a
trajectory climatology in conjunction with the precipitation chemistry
at the Whiteface Mountain and Illinois sites. These locations were
chosen since they represent the e¢xtreme eastern and western boundaries
of the MAP3S network, with the Ohio Valley located in between. The
observations from these two stations should provide insight into the
contribution of this region :o0 pollutant loading of the atmosphere.
Trajectories are also generated for individual events or special case
studies such as Hurricane David and Hurricane Frederic (both occurring
in September of 1979).

The ARL-ATAD trajectory model offers the flexibility to calculate
diagnostic low-level trajectories, either forward or backward in time,
for almost any location in North America. Observed upper-level data
are used for all computations with average winds in a particular layer
computed from values lincarly weighted with respect to the depth
between mid-reporting levels. If the winds at the station are missing

at an observation time, the average wind is linearly interpolated from
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computed average winds at the station for six hours before and after
observation time. Interpolated winds are assumed to persist three
hours before and after observation time.

The transport layer depth (TLD) initially depends upon whether
the trajectory begins at day or night. For trajectories beginning at
day the daytime scheme is used throughout. The TLD for each station
is determined by converting significant and mandatory level tempera-
tures to potential temperatures and then scanning upward from 300 m
to determine the lowest critical inversion. A critical inversion is
defined as having the following characteristics:

AB o
2z 2 0.005 K/m

. A0
6top - 6base Z 2K

5} a 3] are the potential temperature of the top and base
where top nd base e the p p 1 p

of inversion layer, respectively. The transport layer depth (TLD) is

then defined to be

TLD = TLH - ATH

where TLD = transport layer height

ATH = average terrain height.
The transport layer height is the height in the critical inversion
layer where the temperature is 2°K above the temperature at the
inversion base, as shown in Figure 25. When no critical inversion is
present, the TLD {s assumed to be 3000 m.

The nighttime calculations assume that the transport layer depth
(1T1h) is approximately equal to:

¢ 1‘2
iLh = 2(hkz-l)
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where KZ is the vertical coefficient of eddy diffusion and has the

numerical value of 1 m2.s” !

and T is the transport time in seconds.
Nighttime conditions are assumed to persist from 00Z to 12Z.

A distance weighting factor is then used to weight the station
within a 300 nautical mile radius and advect the air parcels in three-

hour time steps.

3.2 Error Estimates of the ARL~ATAD Model

Under certain conditions the errors associated with computer
simulation of transport by the atmosphere may be large. Research is
currently being conducted to determine the accuracy of the ARL-ATAD
model under various meteorological situations using Krypton-85
released from the Savannah River Plant in South Carolina (Heffter et
al., 1977). Previous attempts to correlate observed versus calculated
ARL-ATAD trajectory endpoints have been made using chlorofluorocarbon
data (Pack et al., 1977) and tetroon flights (Pack et al., 1980).
These studies found the ARL-ATAD model to provide reasonable estimates
of transport and dispersion out to 1000 km.

In order to understand what variations in trajectory endpoint
calculations might be expected, the diagnostic ARL-ATAD model was
compared to the prognostic National Meteorological Center (NMC) one-
day trajectories. While these comparisons will not provide an
absolute verification of either model, it will generate trajectory
analysis from separate, distinct sources which can serve as a basis

for a discussion of model weaknesses.
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The NMC trajectory model offers improved low-level forecasts of
temperature and moisture since all available upper-air data for land
and ship stations are used in the initialization of the trajectory
origin. The Limited Fine Mesh model (LFM) uses only mandatory level data
(Gerrity (1977)). Additionally, a reduced smoothing function allows for

steep gradients in temperature and moisture along the air parcel path.

The trajectory model uses the wind forecasts at six-~hour intervals
of the LFM-1II model for 1000 mb, 850 mb, 700 mb, 500 mb, and 300 mb.
Then, as with the ARL-ATAD model, trajectories are computed backward
in time from selected locations. An initial position is estimated by
the advective equation:

X?_(t-at) = Xi(t) - Ul(t)ot

#

where Xz(c-ot) computed upwind position on X-axis

Ul(t) = wind component at point Xl(t)

L}

ot time iteration (usually 2 hours).
Further refinements in the trajectory location are than obtained by

using

X3(t—ot) = X.(t) - '3 U, (t-ot) + Ul(t)]ot
where U2(t-ot) = interpolated value of U at point Xz(t-ot).

Successive iterations of the above equation are performed until
the trajectory positions fall within specified convergence criteria,
usually taken as 0.0l grid interval and 1.0 mb. This scheme is also
utilized in the vertical and between different prognostic fields in
order to maintain continuity. Since vertical velocities are not

available by the LFM-II model at the Initial time, values are
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estimated by a backward advection of the six~hour forecast fields.
Terrain influences are included in the model to the extent that
trajectories are not allowed to intersect the ground and are dis-
placed at each endpoint if necessary.

In order to compare the performance of the two models, back
trajectories for Albany, New York, were computed for July 1979 using
the ARL-ATAD model. These trajectory endpoints of approximately sixty
time periods 00Z and 12Z were then compared to the NMC teletype data.

Distances were computed between the ARL-ATAD model and the 850 mb
and surface trajectories of the NMC model in intervals of six hours.

A comparison was not made for the NMC 700 mb trajectories since the

ARL~ATAD model did not extend above 3000 m. For comparison purposes
the distance between the 850 mb and surface trajectory endpoints of

the NMC were also calculated. Figures 26 through 28 show the result
of these calculations. The dashed line in each figure connects the

mean distance for each time interval.

Figure 26 shows the magnitude of the distances between trajectory
endpoints that may be expected when considering two different levels
by comparing the NMC 850 mb analysis with that of the NMC surface
analysis. While most differences are on the order of 50 km for
trajectories of six hours duration, a wide range is evident after 24
hours. This suggests that even moderate amounts of directional shear
in the vertical can produce sizable differences in positions after
extended time periods. If differences were plotted for time periods
greater than 24 hours, the mean curve would probably assume an

exponential shape as suggested by Pack et al. (1978).
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Figures 27 and 28 show the trajectory endpoint difference for
the ARL-ATAD model versus that of the NMC 850 mb and surface analysis,
respectively. The same basic pattern emerges with the mean points
connected in a linear fashion. Even though the range of distances is
greater in these comparisons, the magnitude of the mean differences
or displacements is of the same order. In fact, the mean value of
the ARL-ATAD vs. NMC 850 mb differences are less than those of the
comparison of the two levels of the NMC model. Figure 27 also shows
that only ten percent of the cases after 24 hours were in excess of
300 km for the ARL-ATAD vs. NMC-850 mb comparison.

The diagnostic ARL-ATAD model is therefore found to compare
favorably with the prognostic NMC-850 mb analysis for trajectories
of duration up to 24 hours. Deviations in trajectory endpoints
between these two computations are found to be generally less than
the surface and 850 mb endpoint differences for the NMC model.
Invalid assumptions of homogeneous layers by the ARL-ATAD model or
poor wind field forecasts by the LFM model are two major contributors
for discrepancies in trajectory endpoint location.

3.3 Ion Concentration and Deposition vs. Trajectory Sector

3.3.1 Whiteface Mountain (1978)

Since most of the current interest in acid rain is focused on
the Northeast, or more specifically, on the Adirondack region of New
York State, Whiteface Mountain was again chosen as the prime study
candidate. Trajectories were calculated for all of 1978 and 1979 and
weighted by precipitation amounts during the concurrent six-hour period

to determine a dominant direction or origin of alr mass for each MAP3S

e
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event. Each event was then classified in one of 12-30° sectors. To
reduce the sometimes large lateral uncertainty associated with
trajectory calculations extending over several days duration, only the
final two days (48 hours) of approach trajectory endpoints were con-
sidered. This assumption could not provide a complete air mass
history. However, the procedure was well suited to classify trajec-
tories into various sectors of origin. This allowed differentiation
between so-called "Ohio Valley" and '"Canadian" air masses. Even
using these assumptions, not all events could be classified as to
sector of origin, since some trajectories traversed several sectors
during the 48 hours of travel. Furthermore, some MAP3S collection
events were actually composed of several smaller separate discrete
events with quite different air mass history. However, for 1978, 88%
of the precipitation events and of the resulting total wet deposition
could be classified by this method. The percentage for 1979 was
slightly less at approximately 857 of the precipitation events and
82% of the resulting total wet deposition assigned to a particular
compass sector. The results of 1979 appear to be somewhat atypiral
due to the influence of Hurricanes David and Frederic (September 1979)
and therefore will not be extensively discussed.

Figures 29 through 32 show the event concentration and the mean
concentration (umole/liter) for H+, NH4+, Soas, NO3-, Na+, Ca++, and

Mg++ as a function of air mass trajectory sector and precipitation

type for Whiteface Mountain in 1978. The sectors of the northeast
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quadrant contain relatively few data points (few precipitation events)
and may not be statistically significant, but do provide insight into
the chemical composition and past 48-hour air mass history of several
events.

Figure 29a illustrates the precipitation associated with each
event and the mean for each sector. The impact of the large coastal
snowstorms of a northeasterly component is readily apparent in the
0°-90° sector. The remainder of the sectors exhibit a relatively
large range in precipitation amounts, as might be expected. Figures
29 through 32 demonstrate the variability in event concentration of
various ions, while hinting to a general maximum in the mean concen-
tration of the four major ions for the southwest sector. The wide
range in concentration for each sector is partially explained by the
variability in precipitation amounts for each event. High concentra-
tions are sometimes associated with relatively low precipitation sample
volumes indicating a diluting effect with increased amounts of
precipitation. While the four dominant ions, H+, SOAS, NOB-’ and NH“+,
seem to exhibit generally higher concentrations for the southwest
sector, the ions of Na+, Ca++, and Mg++ appear to be independent of
approach sector. This might be expected since these neutralizing
components are found within the boundary layer and are not usually
associated with regional or long-range transport.

A more meaningful analysis emerges if wet deposition (mg/mz) is
plotted as a function of trajectory sector. This approach provides a
weighting function and reduces the scatter associated with small pre-

cipitation volumes. Figures 33 through 35 show the total wet
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deposition for the events for Whiteface Mountain that could be
classified as a function of trajectory sector or air mass origin. It
should be noted that the '"total wet deposition" noted on these figures
refers to the "total" of the events definable by air trajectory analysis
(the ATAD model providing 48 hour back trajectories) and not to the
"total" precipitation volume.

The majority of the wet deposition could be further subdivided
into two distinct groups: "Ohio Valley/Midwest" events were defined
as those having their origin in the sector 1650-2850, while "Canadian/
Great Lakes' was designated by the sector 285°-30°.

The wet deposition directional patterns for all ions were found
to follow closely the precipitation variability in every case. The
wet deposition cumulative total of the Ohio Valley/Midwest sector was
found to account for approximately 50-70% of the total wet deposition
that could be classified into the 48-hour approach trajectories. Wet
deposition from the Canadian/Great Lakes sector resulted largely from
winter coastal storms in the form of snow or mixed precipitation.

Even though ionic concentrations were generally lower for these
events, the large values of precipitation sample volume resulted in
almost 30% of the total wet deposition at Whiteface Mountain.

These analyses do not suggest that all air masses arriving at
Whiteface Mountain display these same characteristics. These figures
represent the annual total amounts and directional variability of wet
deposition for precipitating events only. The same sectional distri-
butfion may not be applicable to dry deposition or special events such

as dew, fog, or cloud water.
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3.3.2 1Illinois (1978)

The same analysis procedure (ARL-ATAD model) was applied to the
MAP3S precipitation chemistry for the Illinois site during 1978.
Since large pollutant sources for 802, NOx, etc., lie to the east or
southeast of the Illinois station, one might expect to see a
significant difference in the deposition pattern or pollution-related
ions observed at Whiteface Mountain during the same year.

Figures 36 through 38 depict the distribution of ionic
concentration as a function of trajectory approach sector (48-hour
back trajectories) for the Illinois site during 1978. Using the same
classification criteria described in section 3.3.1, approximately 85%
of the precipitation events for the year could be analyzed using the
ARL-ATAD model.

The concentrations of sulfate and nitrate, Figure 36, exhibit
much more directional uniformity at the Illinois site than at the
Whiteface Mountain station. The latter site shows generally higher
values for the southwest quadrant. The contribution of snow or mixed
precipitation in the northeastern sector is noticeably absent for
this midwestern station. The singular data points for the 0-90°
sectors are not considered statistically significant so that a uniform
concentration distribution can be said to exist for Illinois for
essentially all approach sectors. The remaining constituents of H+,

4+

NH +, Ca ', and Mg++, Figures 37 and 38, display similar uniformity

with respect to air mass approach direction.
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The cumulative wet deposition total for these events is plotted
in Figures 39 and 40 revealing an entirely different picture.
Approximately 70X of the total precipitation for Illinois was found
to be associated with the southwest approach sector. This is con-
sistent with synoptic considerations whereby southwesterly flow
normally precedes an approaching cyclone system and subsequent
deposition events. The remainder of the precipitation was found to be
essentially equally distributed over the various sectors with the
exception of the 0-30° segment.

Air masses approaching the Illinois site from the southwest were
found to deliver about 70% of the total annual precipitation resulting
in the deposition of approximately 70% of the majcr ions (Figures 39p
and 40). One can see again that wet deposition of pollution~related
ions depends primarily on the precipitation amount.

Trajectory sector analysis may be coupled with regional emission
data to investigate the wet deposition pattern at a particular location.
The emission data covering the continental United States east of the
Misuissippl River, the states of lowa, Minnesota, Arkansas, Missouri,

and Louisiana are (in tons/year):

Particulates SOx NOx Sﬂxlﬂox ratio
5.98 x 105 2.16 x 107  8.21 x 106 2.63

For the "Midwest/Ohio Valley" region, covering Indiana, Illinois, Ohio,
Kentucky, West Virginia and Pennsylvania alone, the annual emissions

are (in tons/year): S0 NO SO_/NO_ ratio
X X x_x

7 6
1.09 x 10 3.76 x 10 2.90




a)

b)

PRECIPITATION CLITERD

£M) DEPOBITION CMO/ME)D

91
ILLINOIS 1078

10
. -
SOUTHWEST SECTOR- 16.81 LITER
e - TOTAL PRECIPITATION- 285.01 LITER
?
o -
TiN OF TOvAL
s 1
- 1
s 4
a -
.
LJ v ¥ N A L ! L] S r L g L] L] v v
20 [ ] [ ] 120 189 180 210 Rae® 276 300 330 300
TRAJECTORY SECTOR
ILLINOIS 1878
]
Ladh SOUTHWEST SECTOR- 38.13 Me/M2
TOTAL DEPOSITION- 44.86 NOG/M2
20 9
788 OF TOTAL
s
20 -
18 9
19 9
. -
p—
20 [ [ ] [ ] 180 180 100 2810 260 870 3900 390 300

Figure 39.

TRAJECTORY SESTOR

a) Precipitation, and b) Free hydrogen ion
deposition per 30° trajectory sector for Illinois,

1978.




a)

b)

92
ILLINOIS 1978

SOUTNWEST SECTOR- 1104.419 MO/MNR
TOTAL DEPOSITION- 1048.11 MO/MN2

O7% OF TOTAL

i b1 i

€8043 okPoaITION CME/ME)

[]

v L v L L L] v L4 v LI L}

380 o [ _ ] 1880 160 106 210 840 870 08 990 360
TRAJECTORY SECTOR

ILLINOIS 1978

SOUTHWEST SEZCTOR- $74.22 Ho/M2
TOTAL DEPOSITION- 093 .049 NO/M2

Gan OF TOTAL

| B

CNODI DEPOSITION CMO/MBD

E e [ IS0 180 100 810 240 870 300 290 980
TRAJECTORY SECTOR

Figure 40. a) Sulfate, and b) Nitrate deposition per 30°
trajectory sector for Illinois, 1978.




93

For the Canadian provinces of Nova Scotia, Newfoundland, Quebec,

Ontario, Prince Edward Island

are (in tons/year):

Particulates

SO
X

and New Brunswick, the annual emissions

¢

\
\.
NO_ SOx/NO*vrétio

2.81 x 10° 3.01 x 108

1.57 x 10° 19.2

The emissions in the "Midwest/Ohio Valley" region versus the

"Canadian/Great Lakes' area are higher by a factor of 3.6 for sulfur

components and 24 for nitrogen components.

One might expect to see significant differences in precipitation

chemistry as air masses from different regions arrive at a receptor

site. The analysis shows:

Midwest/Ohio Valley
(160°-280° sector)

Canadian/Great Lakes
(280°-30° sector)
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It is quite apparent that the precipitation volume, more than any
other single factor, determines the amount of deposition for the
three pollution-related ions, [H+], [804‘] and [N03-]. The deposition
of ions from '"Midwest/Ohio Valley" air and "Great Lakes/Canadian" air
does not reflect the very significant differences in emissions that
are located in these two regions. The Illinois results further sub-
stantiate the above conclusion. There seems to exist no simple,
straightforward relationship between emission source(s) for acid
precipitation precursor gas(es) and receptors of "acid rain," i.e.,
[H+], [soa=] and [N03_] ions. The chemical transformation pathway(s)
seem to be complex and insensitive to a 48-hour back trajectory
analysis presented here and based upon available meteorological and
chemical information.

3.4 July 1978 Case Studies

During the month of July 1978, intensive monitoring of air
pollution parameters was initiated throughout the Midwest to north-
eastern United States. Several air pollution episodes occurred during
this month, triggered by the high photochemical potential that
coincides with high pressure systems. Precipitation events that
follow such anticyclonic events could conceivably lead to rain that is
enriched in pollution-related ions (Soat, N03-, H+, etc.). In order
to investigate this hypothesis, it is crucial to know the origin
of air masses. The MAP3S site at Whiteface Mountain is again selected

as the study site in order to see whether air pollution episodes
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concentrated in the "Ohio Valley" region and occurring under anti-
cyclonic conditions do have an impact on the northeastern United
States (Adirondack region) precipitation chemistry.

The July 1978 back trajectories for Whiteface Mountain as
developed by the ARL-ATAD model are shown in Figures 41 through 45.
Each letter of the trajectory indicates a six hour endpoint whereby
the A-trajectory denotes 00Z, the B denotes 06Z, the C denotes 12Z,
and the D denotes 18Z. Therefore, relative speed of the air parcels
as well as direction is obtainable from these figures. Trajectories
which terminate with less than eight endpoints are usually caused by
insufficient transport layer depth or lack of ysable meteorological
upper air data. As mentioned earlier, trajectories were not extrapo-
lated past two days. Included in each figure is the MAP3S collection
date, event concentration and deposition of the four major ionms,
sample volume, and ion ratio. Figure 46 gives the detailed six-hour
precipitation totals for Whiteface Mountain for July of 1978 which
can be used to weight by volume the trajectories in order to determine
the dominant centributor(s) in the case of conflicting or diverse
directions. The interval during which precipitation occurred as shown
in Figure 46 refers to local standard time, while trajectory
calculations are based on Zulu time.

The Sulfate Regional Experiment (SURE) air quality data for July
1978 were used to determine ambient air quality conditions, and in
particular to delineate sulfate episodes worthy of examination.
Figures 47, 48, 49 and 50 illustrate ambient conditions based on 24-

hour HIVOL sampling and rainfall for Whiteface and Ithaca. There were
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Figure 45. ARL-ATAD trajectories and MAP3S prgcipitation chemistry for
the Whiteface event of 31 Julv, 1978.
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SURE air quality data and 6-hour rainfall totals for
Whiteface, July 1978.

Figure 47.




WHITEFACE AIR QUALITY DATA JULY 1978

u mg/m?
Date TSP NO3 SOb SO2

) § 22.934 0.187 1.464 16.921

2 10.756 0.163 1.746 18.013

3 -— — - 19.432

4 9.315 0.120 1.086 18.340

5 23.454 0.341 6.130 21.178

6 20.623 0.316 5.301 21.506

7 32.780 0.333 13.770 28.618

8 35.301 0.183 15.889 -

9 11.966 0.097 2.445 -
10 13.790 0.316 3.315 -
11* 10.272 0.080 0.909 -
12 11.739 0.176 0.958 -
13 17.064 0.239 3.745 -
14 31.642 0.322 14.100 -
15 32.010 0.293 13.925 -
16 30.587 0.320 12.206 -
17 19.776 0.369 6.334 -
18* 13.462 0.176 2.316 -
19 22.108 0.352 6.523 -
20 $3.124 0.309 25.936 -
21 53.180 0.356 29. 347 -
22 13.206 0.099 3.634 -
23 22.222 0.153 7.229 -
24# 10.821 0.088 0.671 -
25 14.359 0.205 3.339 -
26 26.878 0.229 12.045 -
27 19.255 0.222 6.700 -
28% 14.865 0.116 0.920 -
29 13.963 0.290 1.3%0 -
31s P - - -

MMAP3S Event

Figure 48.

103

24-hour HIVOL air quality data for Whiteface, July,
1978 as measured by the SURE network.
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ga/al
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RAIN IN NILLINETERS

JULY 1978

Figure 49. SURE air quality data and daily rainfall for
Ithaca, July 1978.
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essentially four sulfate episodes during July 1978 that are reflected
in the total suspended particulates, SO4 (aerosol) and S05. The
aerosol nitrate concentration demonstrates no significant trend or,
in the case of Ithaca, exhibits a negative correlation with concen-
tration values of the other aerosol constituents.

The cleansing mechanisms of rainout and washout and/or the change
of air mass (anti-cyclonic versus cyclonic) are apparent, causing a
significant decrease in total suspended particulates and in other
pollution-related materials. The early part of July for Ithaca is
somewhat confusing in this respect, since the National Climatic Center
data indicate no rainfall between 5 July and 9 July, but a MAP3S
collection accounted for 2.65 mm, suggesting at least some precipi-
tation activity during this period. Localized summertime convective
showers may be used to explain this discrepancy. Rainfall amounts in
Figure 49 are taken from National Climatic Center Daily Precipitation
Summaries.

With this information, the individual precipitation events and

preceding ambier.t conditions at Whiteface Mountain can be classified

as follows: Rain Event MAP3S Origin of Air
at WFM Collection Mass/Characterization
7/8 7/11 "Ohio Valley" preceded by
sulfate episode
7/16 7/18 "Ohio Valley'" preceded by
sulfate episode
7/21 7/24 "Midwest/Great Lakes"
and preceded by a major
7/23 sulfate episode
7/27 7/28 "Ohio Valley" preceded by

a sulfate episode

7/29 7/31 "Canada/Great Lakes"
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There is a striking difference in concentration values between

the air masses arriving at Whiteface Mountain from the "Midwest" to
"Ohio Valley" region and the "Canada" to "Great Lakes" region. The
intensity weighted [SOQ=] , [N03—], and [H+] concentration for these

two different regions are:

Concentration
H+ SO4 N03
ymole/L umole/L umole/L MAP3S Events
WFM 146 65 50 Combined July 11, 18,
24 and 28 MAP3S events
(The bar indicates the
mean)
46 10 8. Canada/Great Lakes
ITH 138 55 34 Combined July 9, 17,
22, 27, 28
(The bar indicates the
mean)
46 16 22 July 4 "Canadian' air
25 9. 6. August 7 events
PEN 170 71 45 Combined July 7, 11,
15, 24, 28, 30 events
(The bar indicates the
mean)
71 25 13 July 4 event '"Canadian"

air

Concentration (umole/L) of pollutant material is one way of

characterizing the impact of precipitation on a region. Deposition

(mg/m? or pequiv/m?) is another equally, if not more, important

parameter.

For July 1978, the following deposition picture emerges

for the "Midwest/Ohio Valley" versus '"Canada/Great Lakes'" region:
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Deposition
H S04 NOy
(mg/m?) (mg/m?) (mg/m?) MAP3S Events
WFM 0.6]1 per event 28.4 per event 11.7 per event Combined July 11, 18 and 24
2.44 total for 113.6 total for 46.8 total for and 28
July 78 July 78 July 78 Midwest/Ohio Valley
(The bar refere to the mean)
1.58 or 12.2 6.8 July 31 event
24% of total July 11X of total 15% of total Canada/Great Lakes
ITH 2.18 per event 84.3 per event 31.2 per event Combined July 9, 17, 22, 27,
10.90 total for 241.5 total 156 total 28
Jily 78 Midwest/Chio Valley
(The bar refers to the mean)
1.29 or 43.3 or 37.2 or July 4
122 of total 18% of total 24X of total Canadian air
July 78
PEN 0.95 per event 38.4 per event 15.2 per event Combined July 7, 11, 15, 24,
4.76 total for 192 total 76 total 28, 30
July 78 Midwest/Ohio Valley
(The bar refers to the mean)
1.83 62 or 20 or Joly &

392 of total July 32% of total July 26X of total Canadian air

It can be summarized that the impact of precipitation in July of

1978 originating from the "Great Lakes/Canadian" sector is signifi-
cantly lower than the impact caused by "Midwest/Ohio Valley" air in
regard to the "ion concentration,” but comparable in regard to "ion
deposition per event." There have been four to five times more
events during July 1978 involving air masses from the '"Midwest/Ohio
Valley." Accordingly, the percent contribution of the precipitation
from air masses passing over the Canadian/Great lakes region is
appreciably lower. For example, during July of 1978, 76% of the

hydrogen ion, 89% of the sulfate ion and 857 of the nitrate ion were
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deposited at Whiteface Mountain from air mass systems that had
previously passed over the Midwest/Ohio Valley region. Surprisingly
enough, however, a much lower fraction, namely 61% of the hydrogen
ion, 68% of the sulfate ion and 75% of the nitrate ions had been
deposited at Penn State from similar air masses.

3.5 January 1978 Case Studies

As noted earlier, there exists a seasonal variation in the
concentration and deposition of many ions in the northeastern United
States. With the exception of nitrate, the major ions exhibit a
distinct summer maximum. In this context, case study comparisons
between different seasons may be misleading if no consideration is
given to air mass trajectories. It was found useful to examine con-
centration and deposition during the winter months since a more
uniform distribution of frequency per approach sector exists for
trajectories arriving at Whiteface Mountain. The dominant storms dur-
ing January 1978 were from rapidly intensifying coastal storms which
were responsible for the northerly component of many of the individual
events. Figure 51 shows the percentage of occurrence of three-hour
trajectory endpoints per square degree latitude and longitude for
January and July 1978. While not an absolute measure of the passage
of a trajectory over a particular point, it does nevertheless provide
insight into the seasonal climatology of air masses arriving in the
Adirondacks. The higher frequency of occurrence for trajectories
passing over the Midwest/Ohio Valley area, coupled with the increased
solar radiation for the summer months, may lead to the summer maximum

in ion concentration and ion deposition.
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Figure 51. Three~hour trajectory endpoint percent of occurence
per square longitude and latitude for Whiteface,

January and July 1978.
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Therefore, in order to examine variability within the winter
season, precipitation chemistry for the major ions was matched with
corresponding air mass trajectories for January 1978, as shown in
Figures 52 through 56. Figure 57 gives the six-hour precipitation
amounts, MAP3S collection and other general classification of each
event. The concentrations are relatively low for each event, with
January 13 and 19 being comparable to the extremely "clean" precipi-~
tation of Hurricanes David and Frederic (to be discussed later). This
is due in part to the large precipitation amounts which are comparable
in magnitude to those measured during the hurricanes.

The depositions, however, are in the normal range. It should be
noted that, contrary to the summer season, nitrate deposition is
comparable to that of sulfate deposition.

Unfortunately, the January 25, 26, and 27, 1978 events were not
separated, although the air trajectories originate from two entirely
different regions. Hence, it is impossible to separate for Whiteface
Mountain the impact of air masses passing over the Ohio Valley region
from that caused by air masses from the Canadian sector. Therefore,
in order to achieve this goal, the Ithaca January 1978 data have been
analyzed. Figures 58 through 63 show the trajectories calculated for
every precipitation event and ending at Ithaca. Again, the pre-
dominant flow 1s from the Great Lakes-to-northeastern Canada sector
and the very low concentration values seem to reflect this situation.

The deposition values for January 1978 at Ithaca are again moderate
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— WHITEFACE

15”{1_» @ JAARY 1878

MAP3S Event - 7 January 1978

+ - - +
: (6] [s0,”] [w0,7)  [a,*)
Concentration (umole/liter) 110 15 91 20
Deposition (mg/m?) 0.81 11 42 2.6

Sample volume ~ 260 ml

+ + = 1 a
(n 1L+ [NHA 1/2[504 ] + [No3 ] =1.07

Figure 52. ARL-ATAD trajectories and MAP3S precipitation chemistry for
the Whiteface event of 7 January, 1978.
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WHITEFACE
V > ® JANUARY 1870

MAP3S Event ~ 13 January 1978

- - +
(W) [so,") (w0y7]  [w7)

Concentration (umole/liter) 14 4.7 5.8 0.4
Deposition (mg/m?) 0.44 17.5 11.4 0.3
Sample volume - 1550 ml

(H*1L+ [NH4+]/2[504-] + [No3'] = 0.95

Figure 53. ARL-ATAD trajectories and MAP3S precipitation chemistry for
the Whiteface event of 13 January, 1978.
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WMITEFACE ’
4 > 14 JANUARY 1878 -

—
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a '\ <

= Nl
o0

o <

—” WHITEFACE
/_/' 18 JANUARY 187@

MAP3S Event - 19 January 1978

- - +
(') [so,”) [no,7)  [wu,")

Concentration (umole/liter) 13 1.9 2.2 0.4

Deposition (mg/m?) 0.39 6.7 6.1 0.2

Sample volume - 1470 ml

+ + - -
(n 1L+ [nu,"1/2[s0, ] + (No, ) =2.23

Figure 54. ARL~ATAD trajectories and MAP3S precipitation chemistry for
the Whiteface event of 19 January, 1978.
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<2 -
o 0
[~ WHITEFACE
/ & 21 JANUARY 1878

WHITEFACE
26 JANUARY 1878

Ne

MAP3S Event - 26 January 1978

+ - - +
(W) [so, ] [Noy"] [nu, ]

Concentration (umole/liter) 30 8.4 12 1.1

Deposition (mg/m?) 0.89  29.5 26 0.6

Sample volume - 1460 ml

[u*]L+ [Nna“]/z[so“'] + [No3'] = 1,08

Figure 55. ARL-ATAD trajectories and MAP3S precipitation chemistry for
the Whiteface event of 26 January, 1978.
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WHITEFACE
27 JANUARY 1878

MAP3S Event - 31 January 1978

- - +
(W*1 [so,”1 (w0ogT)  [wm.)

Concentration (umole/liter) 41 37 27 19

Deposition (mg/m?) 0.20 21 10 1.6

Sample volume - 235 ml

IH*IL+ Iuna*llzfsoa'l + (N0y7] = 0.59

Figure 56. ARL~ATAD trajectories and MAP3S precipitation chemistry for
the Whiteface event of 31 January, 1978.
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ITHACA
2 JANUARY 1878

MAP3S Event - 3 January 1978

+ - - +
(w')  [so,”) [Noy") [N, ")

Concentration (umole/liter) 66 19 55 9.2

Deposition (mg/w?) 0.34 9.7 18 0.9

Sample volume - 260 ml

[H+1L+ [NH4+]/2[SO4-] + [N03-] = 0.81

Figure 58. ARL-ATAD trajectories and MAP3S precipitation chemistry for
the Ithaca event of 3 January, 1978.
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ITHACA
9 JANUARY 1878

MAP3S Event - 11 January 1978

= +
(6] [so,”) [Nog")  [wm,”]

Concentration (umole/liter) 37 13 15 2.2
Deposition (mg/m?) 1.50 50 38 1.6
Sample volume ~ 1980 ml

+ + = -
(u 1L+ [nn,"1/20s0, 1 + (no, ] = 0.96

Figure 59. ARL-ATAD trajectories and MAP3S precipitation chemistry for
the Ithaca event of 11 January, 1978.
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ITHACA
15 JANUARY 1878

MAP3S Event - 15 January 1978

(w*]  Iso, ) [No,y7)

(N,

Concentration (umole/liter)
Deposition (mg/m?) 0.41 9.2 22
Sample volume - 890 ml

+ + = -
(w71 + [nw,"1/2(s0, I+ [Noy") = 0.66

16 5.3 20 4.1

Figure 60. ARL-ATAD trajectories and MAP3S precipitation chemistry for

the Ithaca event of 15 January, 1978.
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ITHACA
18 JUANUARY 1878

MAP3S Event - 19 January 1978

+ - - +
(W] [so, ] [Noy"] [nu 7]

Concentration (umole/liter) 20 2.9 12 2.2

Deposition (mg/m?) 0.54 7.9 21.1 0.3

Sample volume - 1390 ml

+ + - -y
(W] + [nNu, 172[s0,71 + [No,") = 1.25

Figure 61. ARL-ATAD trajectorics and MAP3S precipitation chemistry
for the Ithaca event of 19 January, 1978,
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P ITHACA

1/—’/f#/f N 21 JANUARY 1978
\
-

MAP3S Event - 22 January 1978

+ - - +

(0] [so, ] [NO3 ] [NH,‘ ]
Concentration (umole/liter) 14 2.8 4.2 0.5
Deposition (mg/m?) 0.17 4.2 4.1 -

Sample volume - 770 ml

+ + - -
(H ]n+ [Nﬂa ]/2[504 ] + [N03 ] =1.48

Figure 62. ARL-ATAD trajectories and MAP3S precipitation chemistry
for the Ithaca event of 22 January, 1978.
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13 ITHACA ,
2@ UANUARY 1978 ol

5 .

1

MAP3S Event - 27 January 1978

Concentration (umole/liter) 45 22 22 1.4
Deposition (mg/m?) 0.51 23 15 0.3
Sample volume - 540 ml

+ + = -
(H ]L+ [nH, 172(s0, 1+ [Noy ] =0.70

Figure 63. ARL-ATAD trajectorics and MAPIS precipitation chemistry
for the Ithaca event of 27 January, 1978.
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as was the case for Whiteface Mountain. An ideal comparison can be
made between "Canadian" air mass (January 22, Figure 62) and "Ohio
Valley" air mass (January 27, Figure 63). The amount of total pre-

cipitation was about the same, so that no '"dilution' bias exists:

— —

L[H+] 504 N03
(pmole/L) (umole/L) (umole/L)
Canadian air
Jan. 22 at ITH 14 2.8 4.2
Ohio Valley air
Jan. 27 at ITH 45 22 22

Both events were initiated by developing cyclones moving south-
west-to-northeast along the eastern United States. The system of 21
January developed into a coastal storm as it moved offshore, producing
the largest snowfall of the year for many stations in the Northeast.
Boston, Massachusetts recorded 21 inches of snowfall, while many stations
in Connecticut received in excess of 15 inches. It should be noted that
this air mass was not stagnant and was one of several cyclones that
moved along the east coast during January.

In contrast, the precipitation which fell 25 and 26 January 1978
was primarily rain or mixed rain with snow and resulted from a rapidly
developing, intense cyclone which passed over the Great Lakes. The
central pressure of the system fell below 960 mb on 26 January as it
passed New York State. The more northerly track of this latter
system resulted in the warmer, southerly wind component illustrated in
the ARL-ATAD analysis of Figure 63.

The event deposition values are as indicated in Figures 62 and
63, with the 27 January case contributing roughly four to five times

that of the 22nd. However, individual case studies must not be taken
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out of context and their relative contribution to total wet deposition
must always be considered. When the case of 27 January is compared

with wet deposition for the entire month, the following picture

emerges:
= - +
(mg/m?) (mg/m?) (mg/m2)

All events except 81.4 total or 113.4 total or 2.79 total or

Ohio Valley 16 per event 23 per event 0.6 per event

January 27-28 23.3 per event 15 per event 0.51 per event

Ohio Valley or 33% of total or 8% of total or 6% of total
monthly wet monthly wet monthly wet
deposition deposition deposition

Obviously, considerably more data are needed to arrive at a general
conclusion, but the emerging picture seems to be such that much of the
wintertime deposition in the northeastern part of the United States is
due to air masses from the north northwest-to-northeast sector. This
is in spite of the findings that the concentration of pollution-related
ions in precipitation is very low. Different results might be found
above 700m.

A final remark secems to be appropriate in regard to '"wet deposi-
tion." As is seen in Figure 29a, the one-year average precipitation
at Whiteface Mountain (solid line) is higher in winter (snow) by almost
a factor or two than in summer (rain). Most of the winter snow is
caused by air masses from the 270-90° sector. Even though this pre-
cipitation shows lower concentration than "summer” rain from the 180-
270° sector, the amount of ions deposited is still appreciable. Fur-
thermore, the impact of rain, if any, is almost immediate in the form

of runoff. The impact of snow, if anv, can be cumulative and delayed.
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3.6 Impact of Hurricanes David and Frederic on Concentration and
Deposition at MAP3S Stations

Two major hurricane events of September 1979 provide a unique
opportunity to compare typical MAP3S measurements to those where
intense washout processes had been at work. The marine origin of the
hurricane, coupled with the diluting effect of massive amounts of
rainfall, should make the ion concentrations in precipitation the

lowest possible in pollutants, particularly SO4 s NO —, and H+.

3
Hurricane David, 6-7 September 1979, and Frederic, 14-15 September
1979, provide such a data set, since the effects of these two systems
were felt throughout the northeastern United States.

Figure 64 shows the six-hour rainfall totals for September 1979
at Whiteface Mountain. The extreme amounts delivered by David over
the two-day period provide such an ultimately clean environment.

Figures 65 and 66 show the trajectories produced by the ARL-ATAD
model for the two events. Both analyses show a strong southerly com-
ponent, followed by a marked shift to the north northwest. These
figures are in good agreement with 850 mb analysis of Falconer and
Kadlecek (1980).

Table 16 provides an overview of the regional concentration and
total wet deposition for these two major storm systems. The day
indicated in column one of Table 16 is not necessarily the day when
rainfall occurred, but rather the date of MAP3S collection. Values of
pH, or free hydrogen ion concentration, from this table suggest a

revision might be necessary in the classical definition of the

"normal” pH of 5.6. To obtain this theoretical hydrogen ion
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Figure 65. ARL-ATAD trajectories for Hurricane David, a)

6 September, and b) 7 September, 1979.
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Figure 66. ARL-ATAD trajectories for Hurricane Frederic,

a) 14 September, and b) 15 September, 1979.
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concentration, it is assumed that only CO2 contributes to the acidity
of precipitation. Concentrations of approximately 2.5 ymole/liter are
needed for the sample to have a pH of 5.6. However, no usable samples
were obtained throughout the network that reached this hypothetical
concentration.

The 7 September event for Ithaca most closely approximates this
value with a concentration of 6 umole/liter resulting in a pH of 5.2.
Therefore, it is apparent that a pH of 5.6 may not be appropriate to
describe a relevant and representative background hydrogen ion con-
centration in clean precipitation. The MAP3S measurements during an
ultimately clean event of a hurricane tend to further substantiate
the hypdthesis that the natural pH of precipitation in the north-
eastern United States, and probably other places, cannot be explained
on the basis of CO, alone.

With the exception of Brookhaven and Lewes, both coastal sites,
the measurements of Table 16 suggest several important conclusions for
the September 6 event. In particular, there exists a regional
uniformity of very low concentration values throughout the MAP3S
network for all major ions in precipitation, in particular for the
pollution-related ions of H+, SOA=’ and N03_. The concentration and
deposition of David at several MAP3S stations could be summarized

as follows:
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TABLE 16

PRECIPITATION CHFMISTRY OF HURRICANES DAVID AND FREDERIC - SEPTEMRER 1979

pay P-T: 8.V, Fini [RE N COND. (SO, NG Ny, o) INA] K] (CA: ImG,
(HRS) (ML) (un/” um/l.} UMH/CM (UM/1)  (UM/L)  (UM/L)  (UM/L)  (UM/1)  (UM/L)  (UM/L) (IM/L)
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Concentration (in [umole/L]) and Deposition (in [mg/m?]) for
Hurricane David (the deposition values are listed in parenthesis)

WFM

ITH

PEN

VIR

LEW

BRO

= - + +
[504 ] [No3 ] L[H ] [Na ]
8 6 14 2
57 (28) (1)
4 3 9 1
(23) (10) (0.6)
5 4 15 1
(23) (12) (0.7)
4 12 13 3
(41) (22) (1.3)
13 4 10 110
(53) (11) (0.4)
39 15 18 450
(34) (8) (0.2)

The two coastal sites BRO and LEW show higher concentration values for

sulfates commensurate with very high concentration values for sodium

and all other marine-related ions.

The following order can be established in regard to the concentra-

tion values for David in comparison with other values observed during

the entire year of 1979 for the stated ions.

WFM

ITH

PEN

VIR

LEW

BRO

4 )

[so

6th lowest
2nd lowest
2nd lowest
lowest

14 out of 49

30 out of 41

2nd

2nd

3rd

|Nn3 ]‘

lowest

lowest

Jowest

lowest

lowest

16 out of

.
FiH ]

2nd lowest

lowest

lowest

lowest

lowest

12 out of 67

low
low
low
low
very high

highest value
for 1979
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The deposition values resulting Yrom Hurricane David are slightly
below or slightly above the respective mean deposition values for the
entire year, wnile the concentration (pmole/L) of pollution-related
material (SOQS, N03-, H+) was one of the lowest in precipitation
recorded for the entire year 1979. The resulting deposition (mg/mz)

can be classified as producing about average values:

1

(sobg)bavid Agfiqi{pixig L{“+}Pavid

(Sohs)Mean _ (NU3—{ycan ) _ L{H“rjl*lean
WM 57/42 28/25 1/1.0
ITH 23/42 10/23 0.6/1.1
PEN 23/42 12/26 0.7/1.0
V1R 41736 22/20 1.3/1.0

The impact of Hurricane Frederic on the precipitation chemistry
of the MAP3S stations was mixed. There is no uniform pattern, partly
because of the different storm trajectory from September 14 to

September 15.

The ranking of concentration values for Hurricane Frederic is

presented below:

[s0,”] oy LIH)
WFM Znd lowest lowest 3rd lowest
ITH 9 out of 53 4th lowest 4th lowest
PEN 11 out of 66 3rd lowest 7th lowest
VIR 22 out of 52 13 out of 52 9 out of 50
LEW 4th lowest 4th lowest 4th lowest
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Concentration (in [umole/L]) and Deposition (in [mg/m?])
for Hurricane Frederic (the deposition values are listed

in parenthesis)

WFM
Mean deposition

ITH
Mean deposition

PEN
Mean deposition

VIR
Mean deposition

LEW

BRO

The deposition of pollutant-related material (soaz,

for

for

79

79

79

79

= - + +
[804 ] [No3 I L[H) [Na ]
5(12) 5(7) 15(0.4) 1

(42) (25) (1.0)
15(31) 11(15) 45(1.0) 1

T (42) (23) 1.1)
14(13)  11(6)  32(0.3) 4

(42) (26) (1.0)
22(31) 13(12) 40(0.6) 19

(36) (20) 1.0)
8(8) 5(3) 11(0.1) 12
N.D. H.D. N.D. N.D.

N0,

wh

resulting from Frederic was below average for all MAP3S stations

that reported a precipitation event.

Therefore, the concentrations measured during these events

which might be classified as nature's ultimate cleansing mechanism,

can be used as a benchmark to define a "background" level for "acid

rain."




4.0 SPATIAL VARIABILITY IN WET DEPOSITION
FOR THE EASTERN UNITED STATES

4.1 Analysis Procedure

While several North American precipitation chemistry monitoring
networks operate independently, it is nevertheless possible to
correlate their results through proper analysis techniques (Pack, 1980).
Two programs offering regional coverage, accessible data, and reliable
quality control are the Multistate Atmospheric Power Production
Pollution Study (MAP3S) and the National Atmospheric Deposition
Program (NADP). Even though MAP3S is event-oriented while NADP
collects weekly samples, their integrated ion deposition measurements
are compatible when compared over time scales in excess of one year.
Figure 67 and Table 17 show the location of the MAP3S and NADP sites
of the eastern United States which collected data for the majority of
1979. All eight MAP3S stations were included, but several NADP sites
were excluded due to insufficient data.

Total wet deposition was normalized per centimeter of
precipitation to allow for an inter-site comparison of the four
dominant ions in precipitation. To insure complete objectivity,
spatial distributions of normalized wet deposition were analyzed using
Synagraphic Mapping System (SYMAP), de¢veloped by the Laboratory for
Computer Graphics and Spatial Analysis, Harvard Universitv (Dougenik
and Sheehan, 1975).

The normalized wet deposition values were compared with standard
rain gauge measurements to obtain estimates of the actual total wet

deposition of the four dominant ions. National Climatic Center
135




STATION METIWORK

Figure 67.

MAP3S and NADP station network used for 1979
spatial deposition analysis.
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TABLE 17

NADP Stations Used in 1979 Inter-Comparison Study

State

Florida
Georgia
Illinois
Illinois
Il1linois
Michigan
Michigan
Michigan
Minnesota
Minnesota
Nebraska
New Hampshire
New York
New York

North
North
North
North
North
North
Ohio
Ohio
Ohio

Carolina
Carolina
Carolina
Carolina
Carolina
Carolina

Pennsylvania
Pennsylvania

South

Carolina

Virginia
West Virgnina

Site Name

Bradford Forest
Georgia Station
Bondville

S1uU

Dixon Springs Ag. Ctr.
U. Mich. Biological Sta.
Kellogg Biological Sta.
Wellston

Marcell Exp. Forest
Lamberton

Mead

Hubbard Brook
Huntington Wildlife
Stilwell Lake-West Point
Lewiston

Coweeta

Piedmont Rescearch Sta.
Clinton Crops Res. Sta.
Finley

Research Triangle Park
Delaware

Caldwell

Wooster

Kane Exp. Forest
Leading Ridge

Clemson

Horton's Station
Parsons

137

Latitude Longitude
29.97 82.20
33.18 84.40
40.05 88.37
37.70 89.27
37.43 88.67
45.57 84.68
42.48 85.38
44,22 85.85
47.50 93.47
44,25 95.32
41.09 96.50
43.95 71.70
44.00 74.22
41.35 74.03
36.13 77.17
35.02 83.45
35.67 80.57
35.01 78.28
35.73 78.68
35.87 78.78
40.28 83.06
39.78 81.52
40.77 81.93
41.55 78.77
40.55 77.93
34.67 82.83
37.18 80.42
39.10 79.65
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rainfall data were considered to be an independent reliable source of
total precipitation. Since the normalized deposition values inte-
grated over the entire year contain no seasonal bias, this technique
was considered acceptable in terms of producing estimates of annual

total wet deposition.

4.2 Gridded Emission Inventory

To evaluate adequately the chemical quality of precipitation and
investigate possible source-receptor relationships, a detailed
emission inventory is needed. The MAP3S emission inventory was used
here to sum selected emissions per square latitude and longitude for
the eastern United States. The MAP3S emission 1inventory was compiled
of data extracted from the National Emissions Data System and the
Federal Power Commission. It was updated using corrections provided
by MAP3S and by the Sulfate Regional Experiment. The five (5)
pollutants routinely measured were:

total particulates

sulfur dioxide

]
)
e nitrogen oxides
® hydrocarbons

]

carbon monoxide.
Pollutant emissions were grouped into classifications of point or area
sources. Point sources were defined as stationary sources with the
potential of emitting at least 100 tons per day of any of the five (5)
criteria pollutants (Clark, 1980). Area sources were reported by
county and included vehicular emissions, as well as industrial and

residential heating. The geographical center of each county was used

to locate the emissions in a particular grid.
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The annual point source emissions per square latitude and
longitude are depicted in Figure 68. Since over 90% of the total
sulfur dioxide are from point sources, this summation of stationary
sources is representative of the actual annual total. Nearly 577 of
the total point source emissions of sulfur dioxide could be linked to
bituminous coal-fired electric generating plants, 127% to primary
metals industry, 7% to burning of bituminous coal for industrial fuel,
and 4% to petroleum industrial sources (Clark, 1980). The contribu-
tion of the point sources having stack heights greater than 100 meters
is shown in Figure 69.

The total nitrogen oxide emissions of Figure 70 are closely
correlated with large population density centers. Total point source
emissions and area source contributions were found to be of the same
order of magnitude. Two-thirds of the point source emissions are from
the burning of fuels at electric generating plants, while over 80% of
area sources are the result of vehicular exhaust.

4.3 Measured and Estimated Regional Wet Deposition Distributions

Figures 71 through 74 show the normalized wet deposition per

- +
centimeter of precipitation for 1979 for SO& R NO3 , H+, and NH4 .
respectively. These objective analyses, using the procedure described

earlier in Chapter 4.1, present a rather uniform east-west pattern for

= - +
SOA and NO3 . A slightly more complex picture emerges for H and

+
NHA .
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=

The normalized 804 maximum of Figure 71 appears to correlate
with the total point source emission patterns of sulfur dioxide,
Figure 68. The secondary maxima in the Carolina's may be a result
of the industrialized regions of the Southeast. Similar distribution
characteristics are found in the normalized NO, , Figure 72, when
compared to the total nitrogen oxide emission of Figure 70. However,
no direct source-receptor relationships are discernible from the data
as a result of transport of pollutants over great distances.

=

The integrated normalized wet deposition of SO and NO., for

4 3

1979 shows a rather uniform gradient in almost every direction from
the major emission area. No strong west-to-east gradient is found.
Furthermore, no maximum located in the extreme northeastern United
States is seen in these deposition values that would be indicative of
increased wet deposition downwind of major emission areas. However,
the effect of the Appalachian Mountains seems to be readily apparent
as evidenced by the strong wet deposition gradients shown in Figures
71 and 72. The mountainous regions of the eastern United States above
2000 feet act to channel or divert low-level pollutants so as to shield
the Virginia-Carolina area or act to produce different types of
precipitation in each region.

Since the free hydrogen ion (H+) deposition results from the
contribution of various constituents including sulfuric acid, nitric
acid and soil related components, such as Ca++, Mg++, and NH +, the
spatial distribution of normalized H+ deposition can be expected to be
more complicated than either SOA= or N03_ alone. This is verified in

+
Figure 73. Localized maxima in H wet deposition are evident and a

o
strong gradient emerges to the west of 85 longitude. One can
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speculate that soil-related material scavenged by precipitation might
be responsible for the apparent change in free hydrogen ion deposition.

Topography effects and the Carolina maximum are again evident. This is

4

for the northeastern part of the United States (see Chapter 2).

not surprising since a strong correlation exists between SO and H+

The NH4+ distribution, Figure 74, is largely a function of natural
sources and consequentlydisplays no discernible source-receptor
relationships. Increased NH4+ ion deposition to the west of 85°
longitude correlates well with the decrease in free hydrogen ion
deposition over the same geographic area (see Figure 73).

While these normalized deposition, or weighted concentration,
values provide an indicator of precipitation quality per unit amount
of precipitation, localized total deposition maxima may result due to
enhanced precipitation events. Figures 75 through 78 depict estimates
of total wet deposition derived from normalized deposition measured at
a particular MAP3S or NADP site and measured local rainfall as discussed
in Chapter 4.1. These computer-analyzed estimates reflect the
localized nature of total rainfall over a time-span of a year. A
precipitation maximum in Pennsvlvania-West Virginia in excess of 186
cm is responsible for the increascd deposition of all ions experienced
in that region.

With the exception of localized maxima, the spatial analysis of
estimated deposition exhibits essentially the same basic pattern as
normalized deposition for snéz. H+, and NH4+. The estimated NO3-

deposition pattern, Figure 76, was found to be more complex with
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Figure 75. Estimated total 804= deposition (mg/mz) for 1979.
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Figure 78. Estimated total NH4+ deposition (mg/mz) for 1979.
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regions of increased deposition in western Pennsylvania and the
lower Hudson Valley of New York State.

While not an absolute measure of total ion deposition, these wet
deposition estimates do provide reasonable approximations. A more
dense network, operating over a longer time period, is needed to verify
actual total wet deposition on a regional scale of less than 100 km
grid space.

It is important to recognize that wet deposition events reported
here do not include fog, dew, direct cloud droplet interception, etc.
that might give rise to anomalous localized deposition patterns.
Those "special deposition events' might play a significant role in
mountainous regions, such as the Adirondack Mountains. However,

current networks do not measure such events.
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5.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
5.1 Conclusions

The MAP3S and NADP networks were found to provide a detailed
precipitation chemistry data base which may be used to examine event,
monthly, and annual deposition of various ions. Wet deposition of the
four ions, SO =, NOS-, H+, and NH4+, that are dominant in precipita-
tion of the northeastern United States, was examined to determine
temporal, directional, and spatial variability.

The cumulative wet deposition total was found to be essentially
linear over the three-year period for all ions. The concept of a
normalized wet deposition, or deposition per unit amount of precipita-~
tion was developed and used to estimate long~term deposition over a
period of several years. These cumulative deposition estimates are
based on historical data, assuming a relatively constant emission
pattern and rate. They should not, therefore, be used for predicting
the chemical quality of individual events or for short time periods
(less than one year).

An approximate ion balance was found to exist in the northeastern
United States between [H+ + NH4+J and {2(804=) + NO3-] for both the
individual precipitation events and the overall period of investiga-
tion - 1977-1979.

This overall ion balance of dominant ions, expressed as the
cation/anion ratio, approximated one for all MAP3S stations

individually and collectively as the regional average. While the sum
+ + - =
of the positive and negative ions involving H , NHA ’ NO3 , and SOa

appear to balance, it by no means implies that the above four ions are
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the only important ions present In precipitation. To understand
precipitation chemistry per se, it is necessary to include——as a
ninimum—~the measurement of soil and ocean related ionic components

++, Cl-, etc.). For inland stations in the north-

(Ca++, Mg++, Na
eastern United States, the following ilons are deposited in decreasing
order of concentration: hydrogen, sulfate, nitrate, ammonium.
However, for certain events, the precipitation chemistry at coastal
stations can be dominated by ocean related ions (Na+, Cl™, etc.).

For stations in the midwest or western part of the United States, the
above expressed ion dominance need not be the same. Indications are
that the precipitation quality in many parts of the United States can
be strongly influenced by soil emissions such as ammonia, calcium and
magnesium. The important parameters governing precipitation quality
obviously include the alkalinity or acidity of the soil, the type of
vegetation, the physical condition of the soil, etc.

The total annual wet deposition was found to be 1nfluenced by
significant events or '"deposition episodes." An analysis of signifi-
cant events demonstrated that appxomately 10%7 of the total annual ion
wet deposition could be accounted for by a singular event. The
occurrence of these episodes did not necessarily coincide with air
pollution episodes triggered by a high photochemical activity in the
lower atmosphere. No seasonal pattern emerged for the deposition
episodes.

Normally, a detailed trajectory analysis of individual events

will lead to some basic source-receptor relationships. The ionic

concentration of individual events was often higher for air masses
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having travelled over the Midwest/Ohio Valley during the past 48 hours
than for those having passed over the Canadian/Great Lakes region.
However, it was also found that elevated levels of ion concentration
in precipitation could not always be linked to major pollutant
emission regions, nor could "clean" events be necessarily correlated
with low pollution areas. This lack of correlation indicates that
vital information is still missing on the overall transport-
transformation processes that take place in the atmosphere relevant to
the formation and deposition of acidic material.

A different picture emerges in regard to the directional
variability of wet deposition. Here it was found that the wet deposi-
tion of pollution-related ions (504=’ N03-, and H+) is apportioned
between Canadian/Great Lakes sector and the Midwest/Ohio Valley
sector according to the percent of annual precipitation contribution
from the respective sectors. The annual wet deposition of ions from
"Midwest/Ohio Valley air" and "Great Lakes/Canadian air" does not
reflect the very significant difference in emission sources that are
located in these two regions. The Illinois results further substan-
tiate the above findings. It was also found that the total annual
precipitation volume, more than any other single factor, determines
the amount of deposition for the three pollution-related ions. Since
the majority of the trajectories of precipitation—-producing systems
were southwest in origin, the preponderence of total deposition was

therefore associated with the southwest sector for both stations.
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The concept of a "superhowl” would explain to some extent the
uniformity in directional variability of wet ion deposition in that
the final product, i.e., acidic material, is being rather evenly
deposited over a very large region. It would indicate that intense
mixing on a synoptic scale, coupled with as yet unknown rate controll-
ing steps for the formation and deposition of acidic material are as
important, or more important, than the simple air mass trajectories
currently in use. As a result, the known source regions for precursor
gases to acid rain cannot yet be unequivocally linked to receptors
with the meteorological, physical and chemical information available
today.

Spatial variability in wet deposition for the eastern United
States was found to exhibit no significant west-east gradient for
sulfate and nitrate. Maximum and minimum in normalized wet deposition
varied by less than a factor of 1.5 for most of the northeastern United
States. A northwest-southeast gradient was found to exist parallel to
the Appalachian Mountain chain. This deposition gradient could be the
result of orographic blocking of low-level concentrations of 802 and
NOx from dispersing into the southeastern region.

Again the concept of a "superbowl" can be used in the absence of
a source-receptor relationship (emission-deposition relationship) to
explain the relatively uniform wet deposition distribution patterns.
The regional uniformity in wet deposition of sulfate and nitrate ions
as was found here was also documented in the European Atmospheric
Chemistry Network. Granat (1978) reports that the sulfate concentra-

tion seems to be comparably little affected by local contamination,
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and the large-scale concentration field also seems to be rather
smooth. Granat goes as far as to conclude that "the sulfate shows a
rather uniform deposition pattern over Europe."

The normalized hydrogen ion deposition demonstrated a much
stronger gradient west of 85° longitude (7 to 1) than to the east
(2 to 1). The hydrogen ion deposition appears to be affected by
locally produced soil derivatives (calcium, magnesium, ammonia, etc.).
Interpretations of the hydrogen ion deposition distribution may be
erroneous 1f this fact is not taken into consideration.

Transportation and distribution of the acidity of precipitation
is therefore much more uncertain than that of the sulfate concentra-
tion. As mentioned earlier, it is likely that the hydrogen ion
deposition values are greatly influenced by the physical and chemical
condition of the regional soil, as was hinted by Granmat (1978).

Since the annual wet deposition pattern shows a rather uniform
pattern over a large portion of the eastern United States, it appears
as if the emissions and deposition are essentially decoupled: a
simple source-receptor relationship is not yet discernible from the
existing meteorological and chemical data base.

5.2 Recommendations for Future Research

Trajectory analysis can best be applied when detailed meteoro-
logical and chemistry data are available in conjunction with discrete
event sampling. The best application of air mass trajectory analysis
would be the collection of six-hour precipitation chemistry samples
centered on the ARL-ATAD analysis times of 00Z, 06Z, 12Z, and 18Z.

This technique would allow a history of the relative contributions

- .
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by various approach sectors and provide greater insight into source-
receptor relationships and chemical transformation processes.

While this study provides a detailed analysis of wet deposition,
the total deposition budget is still unclear. The percentage contri-
bution of wet and dry deposition as well as that by fog, dew, cloud
water, and other special events, to the total sum must be understood
before the relative importance of each can be identified.

In this study wet deposition within the atmospheric boundary
layer is examined. To identify completely and understand transport and
transformation mechanisms, measurements should be taken above the
boundary layer, free of contamination by locally-produced trace gases
and particles. An understanding of microphysical and chemical
processes involved during cloud droplet growth and coalescence and
precipitation development is essential for characterizing individual
precipitation events. Collection and analysis of cloud water from
airborne and fixed platforms atop mountains would be necessary to
accomplish this task. With this data base at hand, models could be
developed and verified that are capable of describing the actual
homogeneous and heterogeneous chemistry responsible for transformation
of sulfur and nitrogen compounds into sulfate and nitrate ions

observed in precipitation.
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